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Abstra
t

The H.E.S.S. experiment 
onsists of four Imaging Atmospheri
 Cherenkov Teles
opes

(IACTs) lo
ated in Namibia. IACTs 
olle
t the Cherenkov light emitted from the


as
ade of se
ondary parti
les that is 
reated when γ-rays intera
t with the atmo-

sphere. The dire
tion of individual γ-rays 
an be measured to about 0.1

◦
, but the

average sour
e position 
an be determined to higher a

ura
y and systemati
 errors

in teles
ope pointing 
an emerge as the main limitation. Typi
al pointing a

ura
ies

for IACTs are in the order of ar
-minutes.

In H.E.S.S., the pointing is determined from referen
e measurements of stars. The

teles
ope is pointed at a star while the Cherenkov 
amera is 
overed by a lid serving

as s
reen for the re�e
tion. A CCD Camera monitors the lo
ation of this re�e
tion

relative to the fo
al plane represented by positioning LEDs. A se
ond CCD 
amera

a
ts as guiding teles
ope. The systemati
 errors of possible in�uen
es on the point-

ing a

ura
y are dis
ussed. An alternative pointing te
hnique using CCD information

measured in parallel to γ-ray observations is presented and 
ompared to the standard

method. The new method approximately bise
ts the systemati
al error on the point-

ing of the H.E.S.S. experiment to 6�. Its validity is tested on point-like γ-ray sour
es

of known position.

Kurzfassung

Das H.E.S.S. Experiment in Namibia besteht aus vier Abbildenden Atmosphäris
hen

Cherenkov-Teleskopen, die anhand des Cherenkov Li
hts von Sekundärteil
hen aus

der We
hselwirkung kosmis
her Strahlung in der Atmosphäre die kosmis
he Gamma-

strahlung vermessen. Die Herkunftsri
htung eines einzelnen ho
henergetis
hen Pho-

tons kann mit etwa 0.1

◦
Genauigkeit gemessen werden, aber die mittlere Quellposition

in einem groÿen Datensatz kann statistis
h genauer bestimmt werden, wodur
h syste-

matis
he Fehler in der Kenntnis der Beoba
htungsri
htung des Teleskops zum limitie-

renden Faktor werden können. Typis
herweise liegt die Genauigkeit der Bestimmung

der Beoba
htungsri
htung für Teleskope dieser Art im Berei
h von Bogenminuten.

Bei H.E.S.S. erfolgt die Bestimmung der Beoba
htungsri
htung über Referenzmessun-

gen an Sternen, auf wel
he das Teleskop ausgeri
htet wird während die Cherenkov

Kamera mit einer Abde
kung vers
hlossen ist, die als Abbildungss
hirm dient. Eine

CCD Kamera miÿt den Ort des Sternbildes relativ zur Brennebene, wel
he von a
ht

Leu
htdioden markiert wird. Eine zweite CCD Kamera agiert als Führungsteleskop.

Die systematis
hen Fehler vers
hiedener Ein�üsse auf die Beoba
htungsri
htung wer-

den diskutiert. Eine alternative Methode, die zeitglei
h mit Cherenkov Beoba
htungen

gemessene CCD Informationen verwendet, wird präsentiert und mit der Standardme-

thode vergli
hen. Mit der neuen Methode wird der systematis
he Fehler der Kenntnis

der Beoba
htungsri
htung etwa halbiert auf 6�. Tests an punktförmig ers
heinenden

γ-Quellen bekannter Position werden dur
hgeführt.
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Introdu
tion

Histori
 astronomers in China, Egypt, Gree
e or Polynesia studied the stars with the

most advan
ed dete
tors available to them: their eyes. Worshiping the lights in the

sky as gods, they eventually learned about their value for navigation, animal migra-

tion and agri
ulture. But human 
uriosity did not 
ome to an end, and so
ieties

supporting s
ien
e gradually 
olle
ted an impressive knowledge about night sky ob-

je
ts. In Gree
e, astronomy was 
ombined with mathemati
s to 
reate 
osmologi
al

models, while an
ient Romans enjoyed the pra
ti
al use of 
alendars and astrologi
al

predi
tions. In China, astronomy even merged with politi
s, be
ause false predi
tions

meant that the 
urrent ruler lost his justi�
ation. Due to this poli
y, the 
ountry has

experien
ed �fty 
alender reforms up to today.

The invention of the teles
ope enabled s
ientists to extend the rea
h of their natural

dete
tor. To extend resear
h possibilities even further, as mu
h information as pos-

sible about a tested obje
t had to be 
olle
ted, so the development of new dete
tion

te
hniques be
ame an important motor for s
ienti�
 dis
overies in di�erent �elds. Ev-

ery exploration of a new ele
tromagneti
 frequen
y band in astronomy was followed

by surprises and major dete
tions, and the multi-wavelength pi
ture of the universe

gained more and more importan
e. The most re
ently explored wavelength band is

studied by γ-ray astronomy.

The �eld of γ-ray astronomy is tightly 
onne
ted to 
osmi
 ray astrophysi
s, whi
h has

been the experimental side of nu
lear and parti
le physi
s before parti
le a

elerators.

It has 
ome a long way from the dete
tion of air showers with the �rst ele
tros
opes,


loud 
hambers and Geiger 
ounters to 
urrent pre
ision experiments like the H.E.S.S.

Experiment, whi
h is designed to dete
t the sour
es of 
osmi
 γ-radiation and ulti-

mately answer the question about the origin of 
osmi
 rays.

To do so, the identi�
ation of dete
ted γ-ray sour
es with 
ounterparts in other wave-

lengths is an important step, espe
ially in regions with more than one possible asso-


iation like the Gala
ti
 Centre region.

The �rst 
hapter of this work will answer the question, what we 
an learn about

the universe from gamma-ray astronomy. Cosmi
 rays and their produ
tion sites are

introdu
ed and their 
onne
tion to 
osmi
 gamma-rays is shown.

The se
ond 
hapter presents methods and the experimental requirements for gamma-

ray teles
opes, with details about the H.E.S.S. experiment and its subsystems.
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The third 
hapter 
overs the standard pointing pro
edure of the H.E.S.S. experiment.

In H.E.S.S., referen
e runs on stars are used to model the image of a tra
ked sky

lo
ation relative to the pixel matrix of the Cherenkov 
amera. The information is

re
orded by a CCD 
amera viewing the H.E.S.S. 
amera from the 
entre of the dish.

When a 
ertain level of pre
ision is rea
hed, the a

ura
y of a position measurement


an no longer be in
reased with the 
olle
tion of more data and systemati
al e�e
ts

have to be investigated. Individual e�e
ts determining the a

ura
y of this method

are identi�ed, quanti�ed and �nally 
ombined into the systemati
 pointing error of

the teles
ope system in 
hapter 4.

A new method to determine the observation dire
tion with pointing information


olle
ted in parallel to γ-ray observations and the expe
ted improvement from this

method are dis
ussed in the �fth 
hapter. Again a systemati
 error is derived and

tested using an independent method.

The sixth 
hapter tests this new pro
edure on a gamma-ray point sour
e of known

position, the a
tive gala
ti
 nu
leus PKS 2155-304. Several 
onsisten
y tests are shown

to determine the validity of the given systemati
 error. The new pre
ision pointing

method will be applied to other point sour
es observed with H.E.S.S.

2



1 Gamma-Ray Astronomy

Gamma-ray astronomy is in many ways extraordinary. It explores the universe in the

light of photons with extremely high energies up to TeV or PeV. The hottest stable

obje
ts in the universe emit 
ontinuous thermal radiation only up to about 10 keV;

more energeti
 γ-rays 
annot be produ
ed thermally but are messengers of the most

violent energy outbursts in our universe. In addition to the remarkable sour
es of the

�eld, spe
ial dete
tion te
hniques are required due to the la
k of fo
using opti
s for

the studied photons and methods of parti
le physi
s are applied to astronomy.

Gamma-ray astronomy is tightly 
onne
ted to 
osmi
 ray resear
h whi
h was started

by Viktor Hess in 1912, be
ause it o�ers the possibility to identify the sour
es of the

isotropi
 
osmi
 ray parti
les. The dete
tion of the �rst γ-ray sour
e emitting in the

energy range of the H.E.S.S. Experiment in 1989 [CFG89℄ started the su

ess of the

�eld, even though the number of sour
es is still very limited 
ompared to astronomy

in other wavelengths. This 
hapter will present the relationship between 
omi
 rays

and γ-rays. It starts with an introdu
tion into the properties and possible a

eleration
me
hanisms of 
osmi
 rays, followed by an overview on γ-radiation and the pro
esses

leading to its emission. Both threads are then 
ombined into a short review of the

pro
esses assumed to o

ur in di�erent sour
e 
lasses.

1.1 Goals

The primary goal of γ-ray astronomy is to solve the mystery about the origin of


osmi
 radiation and the me
hanism that is able to a

elerate parti
les to energies

of up to 1020
eV. Under 
ertain 
onditions, photons are produ
ed as se
ondaries of


harged 
osmi
 rays, but in 
ontrast to the latter, they do not loose their dire
tional

information in interstellar magneti
 �elds on the way to earth. In addition, information

about the me
hanism responsible for the a

eleration 
an be dedu
ed from spe
tral

properties of the γ-rays. Therefore, gamma-ray astronomy 
an pinpoint obje
ts and

pro
esses that generate the highest energies in the universe.

Sour
es for γ-ray astronomy usually in
lude extreme astrophysi
al obje
ts like a
tive

galaxies, supernovae and their remnants or pulsars and pulsar wind nebulae. Several

sour
e types will be presented in 
hapter 1.4.

3



1 Gamma-Ray Astronomy

Even more exoti
 origins are possible, su
h as photons produ
ed in the self-annihilation

of dark matter parti
les in regions with high dark matter density. Galaxies are ex-

pe
ted to be embedded into large s
ale dark matter stru
tures, most likely forming

halos with a dense 
luster lo
ated at the gala
ti
 
entre. Various possible 
andidates

have been proposed as extensions of the standard model of parti
le physi
s. Their

annihilation may produ
e γ-rays up to an energy 
orresponding to the mass of the

dark matter parti
le, therefore a distin
tion between the models 
ould be possible if

the predi
ted dark matter signature was dete
ted in γ-rays (e.g. [Aha06d℄).

Another appli
ation uses the fa
t that high energy gamma-rays 
annot pass intergala
-

ti
 distan
es 
ompletely unhindered: they are absorbed by intera
tions with photons

of the extragala
ti
 ba
kground light (EBL) via pair-produ
tion. The range de
reases

with energy and steepens the observed spe
trum of distant sour
es. Comparing similar

remote obje
ts at various distan
es enables one to probe the properties of the EBL

photon �eld. [Aha06b℄

For many questions, the pre
ise knowledge on the position of γ-ray emission is vital to


orre
tly identify the sour
e. This work presents the e�orts taken to understand and

minimize systemati
 errors in the determination of the teles
ope orientation during

γ-ray observations with the H.E.S.S. experiment. The resolution of previous exper-

iments was typi
ally in the order of ar
 minutes (0.05

◦
-0.1

◦
for the Whipple Tele-

s
ope [SBB05℄). The HEGRA teles
ope system rea
hed a pointing a

ura
y of 0.01

◦

[PDH97℄. In this work, it will be shown that the H.E.S.S. experiment 
an rea
h 6� or

0.002

◦
pointing a

ura
y.

1.2 Cosmi
 Rays

In 1912 Vi
tor Franz Hess initiated 
osmi
 ray resear
h with a series of balloon exper-

iments indi
ating that ele
tros
opes dis
harged faster with in
reasing height [Hes12℄.

The dis
harge was 
aused by energeti
 parti
les ionizing the air between the 
apa
itor

plates of the ele
tros
ope. The ele
trons and ions 
reated would drift to the poles

and redu
e their 
harge. Radioa
tive minerals in the earth were known as a sour
e

of radiation, so the measured radiation level was expe
ted to de
rease with in
reasing

distan
e from the ground [Wul09℄. When the opposite was found, Hess 
ame to the


on
lusion that the additional 
omponent had to be of extraterrestrial origin and even

ex
luded the sun as the main sour
e 
omparing �ights at di�erent times of the day. In

1936, Hess was awarded the Nobel prize for this dis
overy. Sin
e then, many balloons

have as
ended to investigate this extraterrestrial radiation, and were soon followed

and 
omplemented by satellites 
arrying elaborate dete
tors to study its 
omposition.

The dominant 
omponent found were protons (85%), followed by other fully ionized

nu
lei in relative abundan
es similar to those known from the solar system (yielding

4



1.2 Cosmi
 Rays

Figure 1.1: Cosmi
 Ray Spe
trum, from [CGS97℄. Shown is the measured di�er-

ential �ux (per energy bin) as a fun
tion of the energy of the Cosmi
 Ray

parti
le. The spe
trum is remarkably featureless with two 
hanges of the

power law index known as the knee and the ankle marked in the �gure. A

line indi
ating a simple power law is inserted to demonstrate the 
hanges

in slope. The data points of many dire
t and indire
t measurements are


ombined.

about 12% helium, only 1% heavier elements), as well as 2% ele
trons. Only a fra
-

tion of about 10−4
are gamma rays and neutrinos. The total energy density is about

1 eV/
m

3
, 
omparable to that of interstellar magneti
 �elds.

In addition to the primary parti
les a

elerated to relativisti
 energies in powerful


osmi
 sour
es, a se
ondary 
omponent is produ
ed by the intera
tion of primary


osmi
 rays with interstellar gas or plasma. These se
ondary 
osmi
 rays in
lude

nu
lei of the (Li,Be,B) group that are more frequent in 
osmi
 rays than expe
ted

from lo
al abundan
es, as well as antiparti
les. From the ratio of those se
ondaries

one 
an estimate the es
ape time of primary 
osmi
 rays from the gala
ti
 disk to be

in the order of 3 · 107
years [LFM94℄.

Very high energy ele
trons su�er severe radiative losses in the interstellar medium, so

their sour
es 
annot be lo
ated further away than a few hundred parse
s to explain

5



1 Gamma-Ray Astronomy

the observed energies. [AAV95℄

The energy spe
trum of 
osmi
 rays (�gure 1.1) 
overs at least 14 orders of magnitude

in energy, extending from 106
eV with �uxes of about thousand parti
les per square

metre and se
ond, to 10

20
eV, with only one parti
le per square kilometer and 
entury

[CGS97℄. For energies beyond the in�uen
e of solar modulation (i.e. higher than some

10

9
eV), it basi
ally follows a power law in energy like

dN

dE
∼ E−γ

(1.1)

with a spe
tral index γ of 2.7. Two additional features are observed: a steepening

around 1015
eV to a photon index of about 3 
alled the knee and a �attening around

4·1018
eV, known as the ankle. There is indi
ation for a third stru
ture at ∼ 4·1017

eV,

the se
ond knee. The origin of the knee is still under dis
ussion. Explanations range

from the limit of a

eleration in supernovae to propagation or intera
tion pro
esses in

interstellar spa
e and even a possible energy transfer into unobserved parti
les within

Earth's atmosphere. It is 
urrently believed that at least a large fra
tion of the 
osmi


rays are a

elerated in supernovae up to energies of Z × (0.1− 5)× 1015
eV depending

on their nu
lear 
harge Z. Higher energies are produ
ed by additional sour
es, e.g.

in γ-ray bursts having a larger es
ape propability from di�usion through the gala
ti


disk with ingreasing energy [Hör05℄. From the energy dependen
e of the se
ondary-

to-primary ratio one 
an dedu
e that the a

eleration spe
tra at the sour
es must be

harder than the lo
ally measured spe
trum, meaning they have more parti
les with

higher energies or a smaller spe
tral index γ.

The 
olle
tion of parti
les at the highest energies known so far requires enormous

dete
tion areas and brought the experiments ba
k to the ground. Air shower arrays

dete
t the 
as
ade of se
ondary parti
les 
reated when a 
osmi
 ray intera
ts with the

atmosphere and have re
orded events from primary parti
les with energies of up to

1020
eV [BCD93℄.

Possible sour
es for 
osmi
 radiation are supernovae and their remnants, fast rotating

obje
ts like pulsars and neutron stars, binary systems, a
tive gala
ti
 nu
lei and a
-


reting bla
k holes. Chapter 1.4 gives more information about some of those sour
e

types. How the sour
es might a
tually produ
e the observed energeti
 parti
les is

dis
ussed in a general manner in the next 
hapter.

1.2.1 Cosmi
 Ray A

eleration

Man-made a

elerators typi
ally a

elerate 
harged parti
les in ele
tri
 �elds. Yet,

one 
an assume that most stellar obje
ts themselves are neutral and that ele
trostati


�elds would have been neutralized by interstellar plasmas (ex
eption: environment

of pulsars). Therefore varying magneti
 �elds, applying Faraday's law of indu
tion

6



1.2 Cosmi
 Rays

∇× E = −∂B/∂t, are the only 
osmi
 sour
e of "traditional" ele
tromagneti
 a

el-

eration.

Even regular stars 
an a

elerate 
harged parti
les up to about 1011
eV in variable

magneti
 �elds 
reated by plasma turbulen
es. The a

eleration regions 
an often be

seen as sunspots, be
ause the lo
ally higher magneti
 energy density requires a lower

thermal energy for the region to be in energeti
 equilibrium. Therefore sunspots are


ooler, hen
e darker than their surroundings. Stellar magneti
 �elds in sunspots are

usually in the order of 0.1 T, but 
an rea
h lo
al �eld strengths of up to several Tesla,

whi
h 
ould roughly explain the observed energies through 
y
lotron a

eleration or

the 
hanging dipole moment of drifting sunspot pairs.

Higher energies require extremely strong magneti
 �elds (o

urring in pulsars, see

se
tion 1.4.2) or di�erent a

eleration me
hanisms that should still reprodu
e the

observed power law spe
trum. Any repeatable pro
ess where a parti
le with initial

energy E0 gains an amount of energy ∆E proportional to its 
urrent energy (∆E = ǫE)

and has a 
ertain es
ape probability p will 
reate a power law spe
trum (see appendix

A).

One of the most su

essful models of sho
k a

eleration is the Fermi a

eleration,

whi
h will be dis
ussed in more detail in the following se
tion.

1.2.1.1 Fermi a

eleration

The a

eleration on sho
k fronts and moving magneti
 
louds is known as Fermi

a

eleration of �rst and se
ond order, respe
tively. These two models are so far the only

a

eleration theories allowing quantitative predi
tions of the Cosmi
 Ray spe
trum.

Fermi a

eleration was originally proposed by Fermi in 1949 as sto
hasti
 gain of

energy from 
ollisions with irregularities of magneti
 �elds and was later adapted for

sho
k front s
enarios. Its main ideas are illustrated in �gure 1.2. The sho
k front

is 
reated by a �ow of parti
les hitting a 
loud of material at rest. It progresses

through the medium with a velo
ity U , that is smaller than the average pe
uliar

speed of the energeti
 parti
les. The sho
k is assumed to be thin 
ompared to the

gyro-radius of the parti
les, so some may pass through it in either dire
tion. They

are s
attered on turbulen
es or irregularities on the other side, yielding an isotropi


velo
ity distribution. Considering a frame in whi
h one side of the sho
k is at rest, the

parti
le gets thermalized in the �ow speed of the new region after 
rossing the sho
k

and gains energy. This argument holds for both sides of the sho
k, so a parti
le gains

energy with ea
h 
rossing of the sho
k front until it es
apes the sho
k region.

The average gained energy depends linearly on the relative velo
ity of the sho
k front

to the medium. For an ideal gas it is given by

∆E

E
=

2

3

U

c
. (1.2)
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1 Gamma-Ray Astronomy

Figure 1.2: Fermi A

eleration in a sho
k wave with velo
ity U propagating into an

upstream medium, �gure from [Fun05℄. The three image segments show

the situation in the rest frames of the sho
k front (left), the upstream (mid-

dle) and the downstream medium (right). In the rest frame of the sho
k

front, the interstellar medium moves toward the sho
k with a velo
ity of

−U , while the sho
ked downstream medium follows with a lower velo
ity,

whi
h is −1/4 U for an ideal gas. In the rest frame of the upstream region,

upstream parti
les at rest en
ounter gas of the downstream region 
oming

towards them with a velo
ity of 3/4 U . They s
atter on downstream tur-

bulen
es and get thermalized with the �owing medium gaining the energy

∆E. In the rest frame of the downstream region, parti
les again en
ounter

gas 
oming towards them with a speed of 3/4 U . They may di�use into the

upstream region and undergo the same pro
ess to in
rease their energy by

∆E. Therefore, ea
h passage through the sho
k front in
reases the energy

of the parti
le independent of the dire
tion of the 
rossing.

An initially mono-energeti
 spe
trum evolves into a power-law dN/dE ∝ E−γ
with a

spe
tral index γ = 2. Exa
t 
al
ulations in
luding more realisti
 assumptions di�er

slightly from this result.

As the energy gain is linear in U , this type of a

eleration is 
alled �rst order Fermi

a

eleration. The main di�eren
e from the original idea of Fermi is that the dire
tion

of movement is governed by the propagation of the sho
k. If ea
h step o

urred on

a "magneti
 mirror" or magneti
 
loud moving in a randomized dire
tion, the energy

gain would only be proportional to (U/c)2
. This s
enario is 
alled se
ond order Fermi

a

eleration. More details about both types of Fermi a

eleration 
an be found in

[Lon94℄.

Cosmi
 rays a

elerated to very high energies are believed to 
reate se
ondary energeti


photons. Sin
e those would point ba
k to the produ
tion region when they rea
h

earth and their spe
tral distribution 
arries information about the me
hanism they

were 
reated in, the study of those photons 
an be used to indire
tly study 
osmi
 ray

a

eleration. The next 
hapter will fo
us on energeti
 photons.

8
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Figure 1.3: Spe
trum of ele
tromagneti
 radiation in di�erent useful units.

Based on [Gru00℄, adapted by [Kuz06℄

1.3 γ-radiation

Ele
tromagneti
 waves are found over a huge spe
tral range (see �gure 1.3), but only

a minority of these energies are dire
tly a

essible to ground-based astronomy. The

atmosphere is transparent for visual light and in the near radio range from 1 
m to

100 m. Apart from those two wide frequen
y bands and some narrow windows in the

infrared, the atmosphere does not transmit photons.

The term γ-ray refers to the upper end of the spe
trum and applies to photons over at

least 14 de
ades in frequen
y from E = mc2 = hν ≈ 0.5 · 106
eV to more than 1020

eV,

therefore the energy range of γ-rays 
overs photon energies of MeV (106
eV), GeV

(109
eV), TeV (1012

eV) and PeV (1015
eV). Due to very di�erent intera
tion properties

at the various energies, the following sub-divisions are used e.g. in [Aha04a℄:

• low energy (LE): below 30 MeV, LE γ-rays are the only ones that 
an still

be produ
ed by line emission of nu
lear states, typi
al dete
tion via Compton

s
attering.

• high energy (HE): 30 MeV - 30 GeV, up to this energy range γ-rays are best de-
te
ted in satellite or balloon experiments, typi
al dete
tion via pair produ
tion.

• very high energy (VHE): 30 GeV - 30 TeV typi
al dete
tion via Cherenkov radi-

ation.

• ultra high energy (UHE): 30 TeV - 30 PeV, typi
al dete
tion in Air Shower

Arrays, and

• extremely high energy (EHE): above 30 PeV, due to intera
tion with the mi-


rowave ba
kground radiation, the mean free paths in the PeV range are redu
ed

to several kp
 or Mp
, allowing only sour
es in our own Galaxy to be observed.

9
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The limits between those energy ranges are not sharp and may di�er between authors,

so the values given above should be 
onsidered as rough and somewhat arbitrary

ranges. This work will fo
us on VHE γ-rays observed with the H.E.S.S. array of

Imaging Atmospheri
 Cherenkov Teles
opes.

1.3.1 Suitable dete
tors

The wavelengths of γ-rays are too short to use traditional fo
using lenses or de�e
tors,
making it ne
essary to develop new dete
tor designs. The most e�e
tive dete
tion

method for gamma-rays depends on their energy. In prin
iple, it uses the inverse

pro
ess of the typi
al produ
tion me
hanism in ea
h energy range: low energies up to

a few hundred keV are best dete
ted using the photo-e�e
t, while MeV-energies are

dete
ted using the Compton-e�e
t. For very high energies in the GeV-regime, pair-

produ
tion is the dominant intera
tion e�e
t and therefore the primary underlying

dete
tion prin
iple.

The opa
ity of Earth's atmosphere to gamma rays represents an obsta
le for ground

based gamma-ray astronomy. Hen
e teles
opes for this energy range have to be trans-

ported above the atmosphere in satellites. Above about 100 GeV, the �ux be
omes

too low to e�e
tively operate satellite teles
opes and new te
hniques must be applied.

Chapter 2.1 des
ribes in more detail a very su

essful approa
h for the energy range

between 100 GeV and a few TeV, the Atmospheri
 Cherenkov Te
hnique. It is based on

the dete
tion of Cherenkov light from 
as
ades produ
ed by γ-rays in the atmosphere.

Using the atmosphere itself as a dete
tor, large 
olle
tion areas be
ome available for

reasonable 
osts.

At energies above∼ 1012
eV, se
ondary parti
les from gamma-ray indu
ed showers may

rea
h the ground and 
an be dete
ted by the water Cherenkov experiment Milagro

[Atk04℄ or at even higher energies by segmented air shower experiments like Auger

[Man06℄.

1.3.2 Produ
tion me
hanisms of γ-rays

Sin
e thermal emission 
annot explain the observed energies of γ-ray photons, the

question about their origin arises. In 
ontrast to emission in other wavebands, it 
an-

not be answered thoroughly with one or two produ
tion me
hanisms. Apart from the

emission by thermal relativisti
 plasmas, it generally requires the intera
tion of ener-

geti
 parti
les with targets like interstellar matter, magneti
 �elds or photons of lower

energies. Various intera
tion pro
esses 
ompete for di�erent parti
les in di�erent envi-

ronments, so groupings often refer to the a

elerated parti
le (leptoni
 vs. hadroni
),

the nature of the intera
tion (e.g. absorption vs. radiation) or the type of the target

(matter, photons or magneti
 �elds). The important pro
esses and their impli
ation
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1.3 γ-radiation

Figure 1.4: Illustration of γ-ray produ
tion me
hanisms. From left to right:

Bremsstrahlung, π0
-de
ay, inverse Compton s
attering, syn
hrotron ra-

diation

for γ-ray observations are dis
ussed in e.g. [Aha04a℄. Following the division of this

book, a short overview will be given below.

1.3.2.1 Intera
tions with matter

Four major produ
tion 
hannels for photons from a

elerated parti
les in matter are

found: Bremsstrahlung, π0
-de
ay after nu
leon-nu
leon intera
tions, e+

-annihilation

and nu
lear transitions. Photons produ
ed by the annihilation of relativisti
 positrons

and de-ex
itation of nu
lei after neutron 
apture typi
ally have energies in the MeV

regime, but photons from Bremsstrahlung and π0
-de
ay rea
h the VHE energy range.

Bremsstrahlung The radiation emitted from 
harged parti
les due to a

eleration

is 
alled Bremsstrahlung. It o

urs for protons as well as for ele
trons, but is very

ine�
ient for relativisti
 protons so they 
an be negle
ted. The energy loss rate dEe/dt
is proportional to the ele
tron energy Ee, therefore the lifetime

tbr =
Ee

−dEe/dt
(1.3)

of a parti
le undergoing Bremsstrahlung is independent of energy and the slope of a

power-law spe
trum is un
hanged by Bremsstrahlung. The produ
ed γ-ray spe
trum is


ontinuous and in 
ase of a power-law spe
trum for the primary ele
trons reprodu
es

their spe
tral shape and index Γ. This holds as long as ionization losses 
an be

negle
ted, whi
h are independent of Ee and redu
e the photon index of both the

ele
tron and γ-ray spe
trum to Γ − 1.

De
ay of neutral pions produ
ed by relativisti
 protons Relativisti
 protons 
ol-

lide inelasti
ally with gas nu
lei and transfer about half their energy to se
ondary pions

(π) and kaons. The neutral pions de
ay almost immediately (τπ0 = 8.4× 10−17
s) into

two γ-rays, while the 
harged pions de
ay into muons and neutrinos with a longer

11
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lifetime of ∼ 2.6 × 10−8
s. Equal amounts of energy go into ea
h 
hannel due to

isospin symmetry, therefore photons 
arry one sixth of the proton energy. Similar

to Bremsstrahlung, the γ-ray spe
trum essentially follows the spe
trum of the parent

protons above ∼1 GeV, hen
e VHE photons 
arry dire
t information about the a

el-

eration spe
trum of protons. This important property was already known to pioneers

of the �eld (see [GS69℄).

1.3.2.2 Intera
tions with photon �elds

The most important produ
tion me
hanism in photon �elds is the inverse Compton

e�e
t. Hadrons (N) may additionally 
reate pions from photo-meson produ
tions

(N + γ → N + kπ), that may again de
ay into photons as des
ribed above.

Inverse Compton s
attering When energeti
 photons s
atter on free ele
trons, they

may transfer some of their energy to the ele
tron, whi
h is known as Compton e�e
t.

Ele
trons with very high energies may experien
e the inverse of this e�e
t and loose

some of their energy to lower energy photons. The averaged 
ross-se
tion depends only

on the produ
t of the ele
tron and photon energy. A power law distribution of ele
trons

with photon index Γ will result in a power law with photon index (Γ+1)/2 in the non-

relativisti
 regime [GS68℄, or a steeper spe
trum following E
−(Γ+1)
γ (ln(Γ + 1) + const)

for the ultra-relativisti
 
ase [BG70℄. Inverse Compton s
attering on primary protons

is suppressed by a fa
tor of (me/mp)
4
, so pra
ti
ally irrelevant.

Astrophysi
al obje
ts o�er plenty of photons from bla
k-body radiation or starlight

that might be up-s
attered in su
h a fashion. Therefore, it works e�e
tively almost

everywhere, from 
ompa
t obje
ts like pulsars or AGN to extended SNR and also in

the intergala
ti
 medium s
attering on infra-red ba
kground radiation.

1.3.2.3 Intera
tions with magneti
 �elds

Syn
hrotron radiation In magneti
 �elds, 
harged parti
les are de�e
ted by the

Lorentz for
e and travel on spiral ar
s, thus radiating photons. The e�e
t is very

similar to the inverse Compton e�e
t, as it 
an be seen as IC on the virtual photons

of the magneti
 �eld. Generally, the energy of Syn
hrotron photons is mu
h smaller

than that of the parent parti
le. For protons, produ
tion e�
ien
ies are generally

too low to be signi�
ant, but may be relevant for 
ompa
t a

elerators of ∼ 1020
eV.

Syn
hrotron photons typi
ally show a spe
tral 
uto� at a position that depends on

the mass of the emitting parti
le (∼ 160 MeV for e− and ∼ 300 GeV for protons). In


ase of a relativisti
ally moving sour
e it may be shifted towards the GeV and TeV

range, respe
tively.
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es of VHE γ-rays

1.3.2.4 γ-ray absorption

All those produ
tion pro
esses are 
ountered by pair produ
tion a

ording to p+γ →
p + e+ + e− or γ + γ → e+ + e−. Pair produ
tion prevents the es
ape of energeti


γ-rays from 
ompa
t obje
ts and determines the γ-ray horizon.

1.4 Sour
es of VHE γ-rays

To identify the sour
es of 
osmi
 rays, one may look for the sour
es of 
osmi
 gamma-

rays, but as dis
ussed before, not all sour
es dete
ted in γ-rays ne
essarily also produ
e
the hadroni
 
onstituents. A

elerated ele
trons have a limited range of only a few

hundred parse
s. If the measured hadroni
 
osmi
 rays were 
oming from the same

sour
es, the a

umulated de�e
tion 
ould not a

ount for the observed isotropi
 dis-

tribution. Therefore, it is ne
essary to identify sour
es that unambiguously a

elerate

protons, in order to solve the 
osmi
 ray question.

Known sour
e 
lasses and 
andidates in
lude sour
es visible in our galaxy like super-

novae and their remnants, pulsars, X-Ray binaries and a

reting bla
k holes, as well

as the extragala
ti
 a
tive gala
ti
 nu
lei (AGN).

1.4.1 Supernova Remnants

When a massive star runs out of fuel for hydrogen burning, it 
ollapses until the 
ore

temperature is su�
ient to initiate the fusion of helium. Depending on the stellar

mass, this pro
ess may repeat for other fusion stages until the gravitational energy of

the 
ontra
tion is not enough to start the next rea
tion or until it has �nished iron

burning and 
an no longer gain energy from fusion. The inner Chandrasekhar mass

(MCh ∼ 1.4 MSun) of an iron 
ore 
annot be supported by ele
tron degenera
y pressure

and 
ontra
ts further. In the pro
ess, the pressure is redu
ed by disintegration of

heavy ions and the 
onversion of ele
trons and protons to neutrons and neutrinos. The


ontra
tion be
omes a rapid 
ollapse that 
ontinues until the inner 
ore rea
hes nu
lear

density, and is stopped by the neutron degenera
y pressure. The impa
t of the rest of

the in-falling 
ore 
reates an outward going sho
k 
arrying an energy of O(1051
) ergs

that traverses the 
ollapsing 
ore and eje
ts the so far relatively undisturbed outer

layers in a so-
alled supernova explosion.

Eventually, the outer hull hits the previously (in slower stellar winds) emitted material

or the interstellar medium, where it may form a sho
k front in the supernova remnant.

Parti
les a

ellerated in this sho
k may emit γ-rays in an intera
ion with this hull

material.

Supernovae and their remnants have been the 
lassi
al suspe
t for 
osmi
 ray a

eler-

ation from energeti
 
onsiderations. Only 10% of the energy released in the expe
ted
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Figure 1.5: Pulsar model [God07℄.

explosions in our galaxy is su�
ient to fuel 
osmi
 rays. The presen
e of energeti


sho
k fronts allowing �rst order Fermi a

eleration additionally supports this hypoth-

esis. The maximum energy from supernova explosions 
oin
ides with the knee of the


osmi
 ray spe
trum, implying that higher energies have a di�erent origin.

Gamma rays resulting from supernova explosions might be dete
table in the �rst

se
onds of the explosion as gamma ray bursts, from the expanding supernova remnant

[Aha06a℄ or as steady, periodi
 emission from the inner pulsar.

1.4.2 Pulsars

The remaining 
ore of a supernova of the type des
ribed above is a neutron star,

a 
ompa
t obje
t with nu
lear density 
onsisting of neutrons and supported by the

neutron degenera
y pressure. Still, it may 
ontain most of the angular momentum

and magneti
 �eld that on
e belonged to the mu
h larger progenitor star.

Conservation of angular momentum yields very high rotational velo
ities. Ignoring

mass losses during the 
ontra
tion, one gets

Tremnant = Tstar ·
R2

remnant

R2
star

(1.4)

for the rotational periods T as fun
tion of the obje
t radii R. Assuming Rstar =
109

m, Tstar = 1 month and a typi
al radius for neutron stars of Rneutronstar = 104
m,

rotational periods are in the order of millise
onds .

The magneti
 �ux through the former surfa
e of the star is also 
onserved, in
reasing

the �eld at the surfa
e of the remnant to

Bremnant = Bstar ·
R2

star

R2
remnant

, (1.5)
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1.4 Sour
es of VHE γ-rays

Figure 1.6: A
tive Gala
ti
 Nu
leus [UP95℄ with 
entral supermassive bla
k hole,

hot a

retion disk possibly obs
ured by the larger dust torus in the same

plane, relativisti
 jets and gas 
louds 
apable of line emission.

so a stellar �eld of 0.1 T 
ould in
rease to up to 109
T.

In the general 
ase, the magneti
 axis is not aligned with the rotational axis, whi
h


auses the periodi
 �ux variations of a pulsar (see �gure 1.5). The rotating �eld also


reates an ele
tri
 �eld

−→
E = −→v × −→

B that 
an a

elerate 
harged parti
les. Mainly

ele
trons and positrons 
reated in pair 
as
ades within the magnetosphere are expe
ted

to be emitted from pulsars. The observed radiation 
an be explained as syn
hrotron

radiation from a leptoni
 sour
e.

1.4.3 Extragala
ti
 Sour
es: A
tive Gala
ti
 Nu
lei

A large number of systems like the lo
al galaxy known as the Milky Way 
an be

observed. They usually 
ontain a super-massive bla
k hole with ∼ 106 − 1010
solar

masses at the 
entre [RV07℄. At least 5% of all galaxies show a small 
ore of emission

that is often brighter in the visual spe
tral range than the light of all the stars in the

rest of the system together. They are 
alled A
tive Galaxies and their luminous 
ores

are known as A
tive Gala
ti
 Nu
lei or AGN.

Spe
ial observed properties of AGN in
lude high variability on relatively short times
ales

and mainly non-thermal emission over the entire ele
tromagneti
 spe
trum from radio

to γ-rays.
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The 
urrent model to explain the emitted energy is the a

retion of matter onto the


entral bla
k hole. The energy gained from a

retion of the mass m onto a bla
k hole

with mass M and the S
hwarzs
hild radius Rs = 2GM
c2

is given by

∆E =

∫ Rs

∞

GMm

r2
dr =

GMm

Rs

∼ 0.1 mc2
(1.6)

This is extremely e�
ient 
ompared to the thermal energy gained from fusion (about

0.7%)!

AGN are 
lassi�ed a

ording to spe
tral di�eren
es, but many sub
lasses do not de-

s
ribe physi
ally di�erent obje
ts, instead they are the same type of obje
t seen from

various viewing angles. Figure 1.6 illustrates the uni�ed AGN model a

ording to our


urrent understanding. About 10% of all AGN are radio-loud. They form out�ows

of highly relativisti
 energeti
 parti
les approximately perpendi
ular to the a

retion

disk, whi
h are 
alled jets. These jets may 
ontain sho
k fronts that are believed to

generate the dete
ted VHE emission. Obje
ts of this 
lass are histori
ally also known

as quasars (quasi-stellar radio obje
ts). They are divided into Fanaro�-Riley Galaxies

of type I and II (FR I and FR II respe
tively) a

ording to the shape of the jets. The

type FR I shows extended jets without distin
t termination point and maximum in-

tensity 
lose to the 
ore (
ore dominated), while FR II galaxies have narrow jets with

maximum emission at the termination region (lobe dominated). In both 
ases, the jet

pointed towards us may be mu
h brighter than the other due to relativisti
 beaming.

If the jet is pointed dire
tly at us, the obje
t is 
alled blazar. All AGN observed in

the VHE domain are blazars apart from M 87 and Cen A, whi
h belong to the 
lass

FR I and are 
omparatively 
lose.

When the jet is orientated 
lose to the line of sight, the emission is Doppler boosted,

yielding large �uxes and also large luminosity variations with relativisti
ally shortened

variability time-s
ales. The emission region appears smaller and VHE photons are able

to es
ape the high radiation �elds.

Populations of AGN may be used to study the intergala
ti
 ba
kground photon �eld.

On their way from the sour
e to the Earth, gamma-rays may intera
t with photons of

the IR ba
kground radiation produ
ing e+/e− pairs. Therefore the observed spe
trum

softens with in
reasing distan
e. The H.E.S.S. 
ollaboration has dedu
ed a new limit

on the extragala
ti
 ba
kground light from spe
tral 
omparisons between AGN (see

[Aha06b℄).

1.4.4 The Gala
ti
 Centre region

The view to the 
entre of our own galaxy is obs
ured in visible light by dust. Still,

the dust is transparent to light in other wavelengths, e.g. also to γ-rays. A TeV sig-

nal from the 
entral region has been dete
ted by [TEK04℄ and 
on�rmed by [BV04℄,
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es of VHE γ-rays

Figure 1.7: Gala
ti
 Centre Region [PMB05℄.

[Aha04
℄ and [AAA06℄. From the multi-wavelength image, we know that several in-

teresting 
andidates exist 
lose to the dynami
al 
entre that 
ould be responsible for

the emission:

• the a

reting bla
k hole Sgr A*: the dynami
al 
entre of our galaxy is a super-

massive bla
k hole with a mass of 2.6×106 M⊙ [SOG02℄.

• the supernova remnant Sgr A East: a relatively young (104
yr old) and unusu-

ally powerful (explosion energy 4 × 1052
erg) supernova remnant [MBF02℄.

• the pulsar 
andidate G 359.95-0.04: a newly dete
ted obje
t at a distan
e

of only 4�-8� from Sgr A* 
ould also be a plausible a

elerator through Inverse

Compton s
attering [WLG06℄.

• dark matter parti
les may 
luster around the gravitational 
entre of the

galaxy and 
reate γ-rays when they annihilate [BUB98℄.

• 
urvature radiation of protons near the bla
k hole [Lev00℄.

To resolve the dis
repan
y between those possible interpretations, the a

urate dire
-

tion of the signal is a valuable pie
e of information, that 
an only be a
hieved with a

good understanding of the used dete
tor, in this 
ase the H.E.S.S. experiment.
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2 The H.E.S.S. Experiment

The High Energy Stereos
opi
 System (H.E.S.S.) is designed to study Gamma Rays

using the Atmospheri
 Cherenkov Te
hnique. It is sensitive to primary photons with

energies ranging from 100 GeV to some 10 TeV.

This 
hapter will give details on Imaging Atmospheri
 Cherenkov Teles
opes (IACTs)

and the experimental setup of the H.E.S.S. teles
ope array as well as information on

the data analysis.

2.1 Imaging Atmospheri
 Cherenkov Teles
opes

Up to energies of a few GeV, gamma rays 
an be measured dire
tly in satellite ex-

periments. However, at higher energies the �uxes de
rease 
onsiderably, making them

ex
eedingly di�
ult to dete
t with the limited available dete
tion areas of spa
e-borne

teles
opes. The most su

essful approa
h to observe VHE photons is the Atmospheri


Cherenkov Te
hnique. Instead of trying to dete
t gamma rays dire
tly, Cherenkov

teles
opes identify the ele
tromagneti
 
as
ade of se
ondary parti
les produ
ed in the

terrestrial atmosphere by the Cherenkov radiation of 
harged shower parti
les.

Gamma rays 
ompete with a ba
kground of isotropi
ally distributed 
harged 
osmi


rays that is stronger by a fa
tor of at least ten thousand depending on the �eld of

view of the instrument. Fortunately, it is possible to identify and reje
t most of this

ba
kground based on di�eren
es in the development of the 
as
ade and therefore its

shape. Imaging Atmospheri
 Cherenkov Teles
opes use pixelised 
ameras to resolve

the shape of those 
as
ades and extra
t additional information about the primary

parti
le.

The �rst IACT experiment was the 10 m teles
ope of the Whipple observatory on Mt.

Hopkins in southern Arizona, USA. It has been in operation sin
e 1968. In 1989, the

Whipple Collaboration dete
ted the Crab nebula, a strong emitter of TeV radiation

[WCF89℄. This sour
e be
ame the standard 
andle in VHE γ-ray astronomy, be
ause

its steady �ux allows one to 
ompare results from di�erent experiments and time

periods.

In 1993, the HEGRA Collaboration [DHH97℄ used an array of Cherenkov teles
opes to

take advantage of stereos
opi
 observation, i.e. of imaging the shower from di�erent

perspe
tives. A 
oin
iden
e trigger 
ondition of dete
tion in more than one teles
ope
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signi�
antly redu
ed random triggers from night sky ba
kground and muons passing

through a single teles
ope and enabled operation at a lower energy threshold. Also, the

enhan
ed shower re
onstru
tion allows both a better dis
rimination of the hadroni


ba
kground by its less 
on�ned shower development and a signi�
ant improvement of

the dire
tional re
onstru
tion. Measurements of the height of the shower maximum

by triangulation improve the energy resolution.

Several imaging atmospheri
 Cherenkov gamma-ray teles
opes are 
urrently in oper-

ation around the globe:

• The Whipple 10m Teles
ope [WCF89℄: the �rst experiment in this �eld now

mainly monitors the variable emission of a
tive gala
ti
 nu
lei.

• VERITAS [HAB06℄ is the su

essor of Whipple and an array of 
urrently four

teles
opes on the base of Mt. Hopkins.

• MAGIC [Fer05℄ is situated on La Palma and is at present the largest single

dish γ-ray teles
ope. A se
ond identi
al teles
ope will soon be 
ompleted next

to the �rst to form a stereos
opi
 system. With a design energy threshold of

about 50 GeV and a light-weight dish stru
ture, MAGIC is optimized towards

the observation of γ − ray bursts.

• CANGAROO [Mor00℄ is an Australian-Japanese observatory lo
ated inWoomera,

Australia. The 
urrent development phase CANGAROO III 
onsists of four tele-

s
opes and has been 
ompleted in 2002.

• The H.E.S.S. experiment [Aha06e℄ is lo
ated in Namibia and the 
entral 
ompo-

nent of this work. It is 
urrently the most sensitive γ-ray teles
ope in the VHE

regime. A detailed des
ription 
an be found in 
hapter 2.2.

The geographi
ally rather homogeneous distribution of Cherenkov teles
opes has the

advantage of providing the possibility to 
ontinuously monitor any sour
e, as long as

the moon does not impede teles
ope operation.

The image intensity is a measure of the energy of the primary parti
le. The resulting

spe
tral information is vital for interpretations regarding the produ
tion and prop-

agation of the dete
ted γ-rays. Hen
e it is important to mention the physi
s of air

showers in order to understand the Imaging Atmospheri
 Cherenkov Te
hnique.

2.1.1 Extensive air showers

Parti
le avalan
hes indu
ed by the entry of energeti
 parti
les into Earth's atmosphere

are 
alled extensive air showers. They 
an arise from all types of 
osmi
 radiation 
ar-

rying su�
ient energy to produ
e additional parti
les by their intera
tions with air

atoms and mole
ules. Chara
teristi
 length s
ales for air shower produ
tion are deter-

mined by the mean free path lengths of the pro
esses involved. The radiation length

X0 = 36.66 g/
m

2
is the 
hara
teristi
 length s
ale for intera
tions of photons and
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Figure 2.1: Simulated air showers of a proton 
arrying 1 TeV energy 
ompared to a

photon of 300 GeV primary energy. The upper images show the tra
es of

individual shower parti
les in a lateral view, the two lower images show the

distribution of Cherenkov light on the ground. The di�eren
e between the

single Cherenkov 
one of the γ-ray and the fragmented image of a hadroni


shower is 
learly visible.

ele
trons, yielding about 27 radiation lengths in the standard atmosphere. Hadroni


pro
esses 
an be des
ribed using the nu
lear intera
tion length λ = 90 g/
m

2
.

Extensive air showers 
ontain three basi
 
omponents: ele
tromagneti
, muoni
 and

hadroni
 sub-showers. In 
ase of a photon or ele
tron indu
ed shower, only the ele
-

tromagneti
 
omponent is present. Primary nu
lei and protons, however, produ
e

hadroni
 and muoni
 
as
ades in addition to ele
tromagneti
 sub-showers.

Air showers with di�erent primary parti
les and energies 
an be modeled using Monte

Carlo simulations. The showers seen in �gure 2.1 were 
reated with the simulation

program Corsika [He
01℄. A large sample of su
h randomized air showers is usually

used as a referen
e to dedu
e the properties of the primary parti
le from shower

parameters.

2.1.1.1 Ele
tromagneti
 showers

Bremsstrahlung and pair-produ
tion form this 
omponent in an alternating sequen
e.

Very energeti
 gamma rays intera
t with the Coulomb �elds of air nu
lei and may

produ
e ele
tron-positron pairs. The parti
les get de�e
ted and produ
e new photons

via Bremsstrahlung until ionization dominates the energy loss and the 
as
ade stops

at the 
riti
al ele
tron energy of Ee− = 84 MeV . Up to this point, the number of
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parti
les in
reases exponentially with the amount of traversed material. The maximum

number of parti
les is proportional to the energy of the primary parti
le, yielding a

dependen
e of the length of the shower, and therefore of the atmospheri
 depth at the

shower maximum that is proportional to the logarithm of the energy [Hei54℄.

Be
ause pair produ
tion and Bremsstrahlung at relativisti
 energies emit the se
on-

daries predominantly in the forward dire
tion, ele
trons follow the shower axis without

signi�
ant displa
ement (the lateral extent of the shower is given by the Molière radius

of the se
ondary parti
les). A typi
al gamma ray 
arrying 1 TeV energy will 
reate

an ele
tromagneti
 shower starting at the �rst intera
tion height around (20-25) km

and will rea
h the shower maximum with up to 103
parti
les at an atmospheri
 depth

of 350 g/cm2
or ∼8 km above sea level.

2.1.1.2 Hadroni
 showers

The strong inelasti
 intera
tion pro
esses of hadrons hitting air nu
lei 
an produ
e new

nu
leons and mesons. These may s
atter again and form the hadroni
 
omponent, or

de
ay into muons and neutrinos to feed the muoni
 
omponent. Due to their higher

momentum, muons su�er only negligible energy loss to Bremsstrahlung and are barely

a�e
ted by Coulomb s
attering. They also produ
e Cherenkov light, but the opening

angle is smaller than for ele
trons and larger than the Colomb s
attering angle. They

de
ay with a relativisti
ally prolonged lifetime into ele
trons and neutrinos.

Hadroni
 showers produ
e ele
tromagneti
 sub-showers in many intera
tion steps.

Nu
leon-nu
leon 
ollisions transfer transverse momenta to the se
ondary hadrons,

yielding a mu
h larger lateral distribution of parti
les than pure ele
tromagneti
 show-

ers.

2.1.2 Cherenkov light

Only 
osmi
 rays with energies starting on the order of 1015 eV produ
e se
ondary

parti
les (apart from muons) able to rea
h the ground. Still, air showers with lower

energies also leave dete
table tra
es like Cherenkov light.

Most se
ondary parti
les in air showers still 
arry relativisti
 energies. Charged parti-


les traversing a transparent medium with velo
ities ex
eeding the lo
al phase velo
ity

of light emit Cherenkov radiation. Sin
e it is the fundamental e�e
t allowing astron-

omy at TeV energies, a short review will be given following the arguments given in

[Jel58℄ with a fo
us on the resulting requirements for Cherenkov teles
opes.

The medium around a 
harged parti
le is polarized and returns to its normal state

on
e the parti
le is removed. Normally, the distortion is isotropi
, so no resulting �eld

at large distan
es and therefore no radiation o

urs. If however the parti
le is moving

with velo
ities 
omparable to the speed of light in that medium, the polarization �eld
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Figure 2.2: Cherenkov emission is 
aused by the asymmetri
 polarization of a

medium (right) from a transversing relativisti
 parti
le.

is no longer symmetri
 to the dire
tion of the parti
le. Along the path of a 
harged

parti
le, the medium around ea
h tra
k element will radiate a short pulse of radiation,

whi
h will still interfere destru
tively in the general 
ase, unless the parti
le is moving

faster than the lo
al phase velo
ity of light (see �gure 2.2). This allows 
onstru
tive

interferen
e on a plane similar to the a
ousti
 sho
k wave of a Ma
h 
one.

The emission angle relative to the parti
le dire
tion is given by

cos θC =
1

βn
. (2.1)

with refra
tion index n and the usual kinemati
 de�nition of β = v/c. From this it


an be seen that no radiation is possible below a threshold velo
ity of βmin = 1/n,
and that there is a maximum emission angle for ultra-relativisti
 parti
les (β = 1) of
θmax = arccos(1/n).
The refra
tion index depends on the density, so it varies with atmospheri
 depth.

Therefore the energy dependent height of the shower maximum yields an also energy

dependent emission angle.

Assuming a density pro�le following the barometri
 formula, the refra
tive index 
an

be 
al
ulated for a typi
al height at shower maximum around 10 km, leading to a

light 
one of about 1◦ opening angle and an illuminated area of approximately 120 m

radius on the ground. A su�
iently sensitive teles
ope anywhere within this pool of

light is able to dete
t the shower, yielding very large dete
tion areas independent of

the a
tual mirror area.

The spe
trum of emitted Cherenkov light peaks in the UV, but due to absorption and

s
attering pro
esses in the atmosphere, it arrives with dominant wavelengths around

300-350 nm (UV-blue), whi
h experien
es less attenuation. Smaller wavelengths are

almost totally absorbed by �ssion of ozone mole
ules down to about 200 nm. The

remaining photons su�er Mie- (λ similar to dimensions of target parti
les) or Rayleigh

s
attering (λ larger than targets), both of whi
h are more e�e
tive at smaller wave-

lengths.
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2.1.3 Dete
tion of Atmospheri
 Cherenkov light

Cherenkov light is very faint, with a photon density in the order of 100 m−2
depending

on the altitude of the observation and the site for a 1 TeV γ-ray. Therefore large mirror


olle
tion areas are required to proje
t a su�
ient amount of light onto a multi-pixel


amera.

In addition, the �ashes of light are extremely brief, only lasting for a few nanose
onds.

Hen
e a very fast response time of the Camera is required to a
hieve an optimal signal

to noise ratio.

For in
lined showers additional geometri
 e�e
ts must be taken into a

ount. As the

formation of the shower depends mainly on the traversed atmospheri
 depth, light

from showers dete
ted at larger zenith angles has travelled a longer distan
e to the

dete
tor, thus a widening of the area illuminated by Cherenkov light and in
rease the

e�e
tive area of the teles
ope system has o

urred. On the other hand, the intensity

of the image de
reases be
ause of additional s
attering and absorption as well as the

spread of the light over the larger 
one.

The sensitive photo-multipliers needed to dete
t su
h faint �ashes of light normally re-

stri
t observation time to moonless nights (with the ex
eption of the MAGIC teles
ope

whi
h is operated in the presen
e of a thin 
res
ent moon). The e�e
tive observation

time per year is in the order of 1600 hours.

Thus, the Atmospheri
 Cherenkov Te
hnique uses the atmosphere itself as dete
tor

medium. Shower imaging yields additional information about the primary parti
le,

hen
e both an improved gamma-hadron separation resolution using shower shape pa-

rameters, as well as dire
tional re
onstru
tion be
ome possible.
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Figure 2.3: Te
hni
al Drawing of a H.E.S.S. teles
ope

2.2 The H.E.S.S. teles
ope system

The High Energy Stereos
opi
 System (H.E.S.S.) is an array of four Imaging Atmo-

spheri
 Cherenkov teles
opes lo
ated in the Khomas Highland of Namibia. Its name

also honours the memory of Vi
tor Hess, who dis
overed 
osmi
 rays in 1912 (see


hapter 1.2).

The array is lo
ated about 100 km south-west of the 
apital Windhoek at 
oordinates

16

◦
30'00� East, 23

◦
16'18� South and an altitude of 1800 m above sea level. The area is

sparsely inhabited and known for its ex
ellent 
onditions for astronomi
al observations

[Wie98℄. Its desert 
limate o�ers a large fra
tion of 
lear nights.

The southern hemisphere was 
hosen be
ause the Gala
ti
 Centre 
ulminates at zenith

in the dry season, giving optimal observational possibilities for this target and other


andidates in the inner galaxy.

The four 13-m-diameter teles
opes are positioned in a square of 120 m side length,

whi
h is 
hosen to balan
e the need for wide spa
ing for stereos
opi
 re
onstru
tion

with a narrow spa
ing whi
h yields a higher probability to have several teles
opes

within the same Cherenkov light 
one. They are named CT1 though CT4, 
ounting


ounter-
lo
kwise with CT1 being the teles
ope furthest east. The oldest teles
ope is

CT3.
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Figure 2.4: Exploded view of a H.E.S.S. 
amera

Ea
h teles
ope mirror 
onsists of 380 individual fa
ets providing a total mirror area

of 107 m2
and a fo
al length of 15 m. They re�e
t light onto a Cherenkov Camera


overing a large �eld of view of 5◦ and equipped with 960 photo-multipliers to image

the shower. The angular resolution of H.E.S.S. for individual gamma rays is in the

order of a few ar
 minutes, its energy resolution is better than 20% and its sensitivity

allows the dete
tion of a γ-ray sour
e with 1% of the �ux of the Crab Nebula at 5 σ
signi�
an
e in 25 hours of observations.

2.2.1 Mirror System and Camera

Having dis
ussed the produ
tion of Cherenkov light in 
hapter 2.1.2, the fo
us of this


hapter will be its dete
tion using the H.E.S.S. teles
opes.

To 
olle
t the Cherenkov light, 380 spheri
al mirror fa
ets, ea
h with a diameter of

60 
m, are mounted on a spheri
ally shaped dish stru
ture in a hexagonal arrangement.

They are made of ground glass, aluminized and then 
oated with a prote
tive layer

of quartz. Mirrors and frame have the same fo
al length of 15 m. The general layout

of su
h a segmented re�e
tor is 
alled Davies-Cotton design [DC57℄. This design is

very 
ost e�
ient and has a slightly better performan
e for o�-axis photons than a

paraboli
 layout. Di�eren
es in travelled path lengths yield a time dispersion of 5 ns

between photons hitting the 
entral part or periphery of the re�e
tor. The RMS of

the time di�eren
es is 1.4 ns, below the intrinsi
 spread in a Cherenkov wavefront.

Details about the opti
al system 
an be found in [BCC03℄. The 
onne
tion between

the fa
ets and the dish is designed for remote motorized fo
al alignment [CGJ03℄.
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Figure 2.5: Winston 
one plate with positioning LEDs. The left pi
ture was

taken in moonlight with the LidCCD. Red 
ir
les highlight the eight po-

sitioning LEDs, the two bla
k lines mark the borders between the three

funnel plate segments and a yellow 
ross is pla
ed at the 
amera 
entre.

The pixel matrix 
ontinues above and below the image forming the shape

seen in the design study on the right, where the division into the 60 drawers

is shown.

Spheri
al aberrations and additional deformations 
aused by gravitational pull, as

well as misalignment of individual mirror fa
ets, widen the apparent size of a point

sour
e in the fo
al plane (opti
al Point Spread Fun
tion or "oPSF"). Its value, whi
h


hanges with altitude, is monitored regularly using star images. Sin
e the initial

alignment after the 
ompletion of the teles
opes, the on-axis oPSF has never ex
eeded

the design spe
i�
ation of 0.9 mrad.To measure the PSF, one has to take into a

ount

the di�eren
e between images of stars (perfe
tly parallel light) and those of showers


oming from an altitude of about 8-12 km. This 
orresponds to a 3 
m di�eren
e in

the fo
al planes and is 
orre
ted by pla
ing the s
reen for star images 
loser to the

mirrors by that amount. Conveniently, the lid prote
ting the photo multipliers of the

Cherenkov 
amera from ambient light was designed as su
h a s
reen. A detailed study

of the PSF 
an be found in [CGJ03℄.

The 
entral dete
tor of ea
h H.E.S.S. teles
ope is the Cherenkov Camera (�gure 2.4).

It measures about 1.5 m × 1.5 m × 2 m and weighs approximately 800 kg. It in
ludes

all photon dete
tors and signal pro
essing ele
troni
s needed, from programmable trig-

ger ele
troni
s to data a
quisition.

Light is dete
ted by 960 Photonis XP2960 photo-multipliers (PMTs), that are organ-

ised in a modular design with 60 drawers of 16 PMTs ea
h for simpli�ed maintenan
e.

To 
olle
t all light in the fo
al plane onto the PMTs and redu
e stray light with large

in
iden
e angles, Winston 
one light 
on
entrators (sometimes 
alled "funnels") with

hexagonal 
olle
tion areas are mounted in front of the PMT entran
e windows. The

plates holding the Winston 
ones ("funnel plates") are built in three segments, ea
h
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overing about one third of the PMTs. Next to the Winston 
ones, positioning LEDs

mark the lo
ation of the 
amera. Figure 2.5 shows the hexagonal funnel stru
ture, the

LEDs and the division into three segments.

Ea
h photo-multiplier signal is sent into in two separate ampli�
ation 
hannels to

in
rease the dynami
 range of the dete
tor. The high-gain 
hannel shows a linear

response between one and 200 photo ele
trons and is e.g. used for trigger de
isions,

while the low-gain 
hannel operates between 15 and 1600 photo-ele
trons.

2.2.2 Trigger System and Data A
quisition

The high rate of 
osmi
 rays requires a fast de
ision on the probability that an event

is produ
ed by a γ-ray to reje
t some of the ba
kground and avoid large dead times

due to unne
essary 
amera readout. In H.E.S.S., this de
ision is made by a two-level

trigger that 
ombines the trigger information of multiple teles
opes.

Trigger The trigger ele
troni
s for an individual teles
ope demand a minimum num-

ber of pixels within one of the 64 overlapping trigger se
tors to ex
eed a threshold of a

few photo-ele
trons within a time window of about ∼ 1.3 ns to form a 
amera trigger.

During the trigger de
ision time, the signal is stored in the analogue ring sampler

and the trigger information sent to the 
entral trigger [FHH04℄, where the de
ision

to read out the data is made from multiple teles
ope 
oin
iden
e requirements. If a

given number of teles
ope triggers is re
eived within a 80 ns 
oin
iden
e window, the

triggered 
ameras read out the ring bu�er region 
orresponding to the original trigger

time. This multi-teles
ope 
oin
iden
e redu
es triggers from �u
tuations in the night

sky ba
kground and lo
al muons. Only multiple teles
ope 
oin
iden
es start a full

readout indu
ing dead time.

Data A
quisition The data are sent to a 
entral data a
quisition system 
ontrolling

the di�erent subsystems. Conne
ted sets of data are 
ombined in "Runs". H.E.S.S.

usually takes data in 28 minute periods, 
alled "Observation Runs". Di�erent Run-

types exist for 
alibration, tests and preparation of ObservationRuns.

Experiments with a smaller �eld have traditionally used an observation mode with

"On-" and "O�-Runs", where runs point dire
tly at a presumed sour
e and are fol-

lowed or pre
eded by runs towards a ba
kground region. To 
over the same range of

zenith angles and 
omparable atmospheri
 
onditions, O�-Runs are usually taken at

the same de
lination as the On-Run, but with an o�set in right-as
ension 
orrespond-

ing to the time di�eren
e between the two runs.

Due to the large �eld of view of H.E.S.S., the measurement of 
osmi
 rays in ea
h Ob-

servationRun uses a te
hnique 
alled "Wobble-Mode" observations. Instead of tra
king

a presumed sour
e dire
tly, pointing positions with 
ertain o�sets are 
hosen. E�e
ts
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due to the radially 
hanging a

eptan
e of the Camera 
an be avoided by 
hoosing

regions for ba
kground measurements that have the same distan
e from the Camera


entre as the signal region. Wobble-Runs are usually performed to positions on ea
h

side of the sour
e in Right As
ension and De
lination. Typi
al o�sets are 0.5 or 0.7

◦
.

2.2.3 Data Analysis

Calibration Four general 
omponents 
an add to variations of the measurement: the


amera, the opti
al system, the atmosphere and irregularities in the shower. Repro-

du
ible or measurable e�e
ts need to be 
orre
ted for before the analysis of gamma-ray

sour
es may begin. The �rst step in data analysis is the 
alibration of photo-multiplier

signals. Di�eren
es in High Voltage settings, responses to single photo-ele
trons, and

dark 
urrents in the PMTs are 
orre
ted for:

• pedestal: The position of the narrow dark-pedestal peak depends on the pixel

temperature and needs to be re
al
ulated frequently for ea
h observation run.

For ea
h event, pixels that do not 
ontain Cherenkov light a

ording to the most

re
ent pedestal measurement are in
luded until enough statisti
s for an updated

value is 
olle
ted (about 1/min, depending on the trigger rate). The distribution

may widen due to a ba
kground of starlight.

• response to single photo-ele
trons: the signal of ea
h PMT varies strongly with

the high voltage (HV) setting and is monitored using an LED pulser system in

the 
amera shelter. The signal 
aused by single photo-ele
trons may be identi�ed

in the High Gain 
hannel.

• ratio between signals in the High and Low gain 
hannel: Cherenkov events in

normal observations 
an be used to determine the average ratio between a signal

in the two 
hannels for the range where both are linear. The response for the

Low Gain 
hannel is then 
al
ulated from this ratio and the single photo-ele
tron

measurements of the High Gain 
hannel.

• inter-
alibration of the PMTs of one 
amera: a di�erent LED system 
reates

a uniform illumination of the whole 
amera providing �at-�elding information

that 
orre
ts for di�erent quantum e�
ien
ies of the PMTs as well as di�erent

re�e
tivities of the Winston 
ones in front of ea
h pixel.

• night sky ba
kground (NSB): the level of NSB light may be determined from

the pedestal width or the PMT 
urrents. The total 
urrent a pixel draws from

the HV supply is used be
ause of its large range and small dependen
e on the


amera temperature (the same as used for the pointing tests des
ribed in 
hapter

3.4). Both methods agree very well [Aha04b℄.

These steps of data 
alibration are des
ribed in detail in [Aha04b℄.

After the 
orre
tion of the 
amera response, opti
al e�e
ts like shading from the 
amera
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Figure 2.6: De�nition of Hillas Parameters

support stru
ture or the de
reasing re�e
tivity of the mirrors and an overall degra-

dation of the Winston 
ones 
an be measured using the Cherenkov light of single

muons hitting or passing 
lose to the teles
ope. [Bol04℄ gives details on this method

of absolute 
alibration.

Re
onstru
tion Runs performed in unstable 
onditions are reje
ted and the 
amera

images are "
leaned" from �u
tuations not related to the shower using a 
ut in favour

of 
onne
ted signal regions. The standard 
hoi
e is a 5-10 tail-
ut, meaning that only

pixels with a minimum of �ve photo-ele
trons are kept, when they have at least one

neighbouring PMT that 
ounted at least ten photo-ele
trons and vi
e-versa.

For the analysis of Cherenkov images, a te
hnique using Hillas parameters [Hil85℄ has

proven su

essful [CFG89℄. For this approa
h, the roughly ellipti
al shower images

are parametrized by their �rst and se
ond moments, i.e. the 
entre of gravity and

the two axes (Hillas parameters width and length as in �gure 2.6) and orientation

(θ) of an approximated ellipse. The intensity of the image (Hillas parameter size) is

a �rst-order measure for the primary energy, the relation between length and width

allows gamma-hadron separation, and the shower geometry 
an be determined from

the parameters θ and the 
entre of gravity in stereos
opi
 systems.

A detailed des
ription of the analysis is published in [Aha06e℄

The stereos
opi
 te
hnique allows a simple and e�
ient way to determine the arrival

dire
tion of a shower. For ea
h shower image, the origin of the event is lo
ated along

the major axis of the Hillas ellipse. The interse
tion point of the major axes of images

from two di�erent 
ameras determines the origin of the shower. Sin
e the dire
tion

re
onstru
tion is of spe
ial interest for this work, an improved method des
ribed in

[HJK99℄, that is implemented for H.E.S.S. will be dis
ussed in more detail in 
hapter

6.1.2.
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2 The H.E.S.S. Experiment

2.2.4 Atmospheri
 Monitoring

Sin
e the a
tual dete
tor medium for atmospheri
 Cherenkov teles
opes is the at-

mosphere, strong �u
tuations in the trigger rate of 
osmi
 rays 
an be 
aused by

un
ontrollable 
hanges in the atmospheri
 
ondition. Hen
e 
ontinuous monitoring of

atmospheri
 parameters is desired. The H.E.S.S. Experiment in
ludes several weather

stations, whi
h are re
ording data on the environmental / air temperature, pressure

and humidity, and also dete
t the presen
e of 
louds and the transparen
y of the at-

mosphere [Bro05℄. It should be noted that the transmissiometer setup in
ludes 
learly

visible LEDs in a distan
e of 29.8 km

1

from the site, whi
h are atta
hed to the tele
om-

muni
ation mast on the Gamsberg and 
an be used as a target for maintenan
e work

on the SkyCCDs.

2.2.5 Drive System and Guiding

Imaging Cherenkov teles
opes observe only a limited area of the sky, hen
e it is ne
-

essary to point the dete
tor in the desired dire
tion and follow the sour
e during

observation time. To ensure this motion, ea
h teles
ope is supported by a sturdy steel

stru
ture that is mounted in a rotating frame on a 
ir
ular rail with 13.6 m diameter,

allowing horizontal movement. The 
lo
k-wise angle between north and the teles
ope

dire
tion is 
alled azimuth. Mirrors and Camera are atta
hed to a dish stru
ture

rotating in an angle perpendi
ular to the horizon 
alled elevation or altitude. The


omplementary angle to 90◦ is 
alled zenith angle. An alt/az mount is favourable for

the stability of heavy teles
opes whi
h in this 
ase weighs about 60 t.

Fri
tion wheels drive the teles
opes in altitude and azimuth with a slewing speed of

up to 100◦/min. To a
hieve a

urate tra
king, the 
urrent position is monitored with

17 bit shaft en
oders returning the absolute position with a digital step size of 10�

(Grey 
ode) and analogue verniers for a �ner relative resolution. In ea
h initialization

of the tra
king system, the absolute position is read out with 10� pre
ision. This

introdu
ed o�set remains 
onstant for the rest of the operation, allowing to follow a

sour
e with ar
-se
ond-pre
ision. Further details 
an be found in [Bol04℄.

2.2.5.1 Guiding System

Due to the large �eld of view of the H.E.S.S. 
amera, it is not vital to point exa
tly

at the desired position during the observation, but su�
ient to re
ord the orientation

for o�-line analysis. The a
tual orientation of the teles
ope 
an be measured with a

system of two CCDs installed on ea
h teles
ope, one in the 
entre of the dish, on the so


alled 
entral hub, the other 3 m to one side, so its �eld of view is not obs
ured by the

Cherenkov 
amera or masts. These 
ameras are 
alled the LidCCD and the SkyCCD

1

GPS 
oordinates: -23.34

◦
S / 16.232

◦
E, height: approx. 2356m asl.
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2.2 The H.E.S.S. teles
ope system

Figure 2.7: Image of the CCD 
ameras showing the dish of the teles
ope CT3

with the SkyCCD to the right and the LidCCD on the left. The pi
ture is

overlaid with 
lose-ups of the two 
ameras with opened 
asing.

respe
tively, and te
hni
al details are listed in table 2.1. Both CCDs are 
ooled by

Peltier elements keeping a 
onstant temperature di�eren
e to the environment

SkyCCD With an 800 mm fo
al length, the SkyCCD easily quali�es as a small tele-

s
ope. It is used as guiding teles
ope and is mounted to the dish of the Cherenkov

teles
ope in parallel to the nominal pointing dire
tion. Using the SkyCCD, it is pos-

sible to determine the unknown 10� o�set of the shaft en
oders, or, more generally, to


onne
t the a
tual pointing dire
tion at the time of a SkyCCD image to the teles
ope

stru
ture.

Apogee Ap1E, SkyCCD Apogee Ap2Ep, LidCCD

Chip KAF-400E KAF-1600E

number of pixels 768 × 512 1536 × 1024

f.o.v 0.51

◦ × 0.33◦ 5.8

◦ × 3.9◦

resolution 2.3�/pix 13.7�/pix

pixel size, 
apa
ity 9 µm, 85.000 ph.e. 9 µm, 100.000 ph.e.

lens Vixen NA120S Nikon Nikkor

lens spe
i�
ations 800 mm, 6.7 135 mm, 2.0

fullframe readout ∼ 1 s ∼ 50 s

Table 2.1: Te
hni
al details about the CCD Cameras of the H.E.S.S. Exper-

iment.
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2 The H.E.S.S. Experiment

Figure 2.8: Funnels and Di�usor.

LidCCD The LidCCD is used for two basi
 appli
ations:

• mirror alignment and monitoring of the Point Spread Fun
tion: the pro
ess of

mirror alignment is des
ribed in [CGJ03℄. Images of stars on the lid 
an be used

to 
ontinuously monitor the opti
al quality of the re�e
tor.

• pointing appli
ations in
luding the 
reation of pointing models, monitoring of

mast and dish bending and the imaging of the funnel edges. These appli
ations

will be dis
ussed in 
hapter 3.

The LidCCDs are �rmly atta
hed to the 
entral hub in a steel 
asing, holding the


amera housing as well as the lens. It is designed to observe the 
amera body and

stars on the 
amera lid. The lenses were 
hanged in late 2004 from 180 mm to 135 mm

fo
al length. The �eld of view with the newer lenses (5.8

◦ × 3.9◦) in
ludes all eight
Positioning LEDs, while the old setup showed only two or three LEDs and the 
entral

region where the re�e
ted image of a well tra
ked star should appear. The original

higher magni�
ation was of advantage for the initial mirror alignment, however the

larger �eld of view is bene�
ial for pointing 
orre
tions.

The readout time of a full-frame image is in the order of 50 se
onds, but faster readout

of smaller sub-frames is also possible.

Positioning LEDs Ea
h LidCCD observes eight red positioning LEDs next to the

Winston 
ones. The light sour
es are lo
ated within the 
amera and the light is guided

in glass �bers to the desired positions on the plate holding the PMTs (see �gure 2.8).

On the funnel plates, the light is 
olle
ted and fo
used on a 0.7 mm hole in the same

plane as the funnel entran
es using so 
alled "di�usors". This 
onstru
tion allows

to have a purely opti
al 
onne
tion between main 
amera and funnel plate, and still
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2.2 The H.E.S.S. teles
ope system

allows to lo
ate the Winston 
one entran
e positions. Holes in the 
amera lid 
an be

opened to observe these spots without exposing the 
amera to ambient light.
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3 Standard Pointing

Astronomi
al observations are insubstantial without the ability to relate the measured

results to a dire
tion in the sky. The reprodu
ibility of this pointing dire
tion is

important for all teles
opes, espe
ially those needing long exposure times. Opti
al

astronomers often use bright stars of known position within the �eld of view to identify

the observation position. Basing the pointing on known, strong referen
e emitters is,

however, not possible for experiments pioneering and advan
ing a �eld like the H.E.S.S.

teles
ope system, thus alternative methods be
ome ne
essary. Due to the large size

of the teles
opes, a
hieving high pointing a

ura
y is not trivial. This 
hapter will

introdu
e the standard te
hniques used to determine the pre
ise orientation of H.E.S.S.

relative to its observed targets.

The �nal goal of a

urate pointing for H.E.S.S. is to relate the dire
tion of showers

in the Cherenkov Camera to the origin of the primary γ-ray in the sky. This in
ludes

three main steps:

1. transformation of inherent 
oordinates (e.g. RA/De
) to apparent ones (Alt/Az).

The implementation of this step for H.E.S.S. is des
ribed in [Gil04℄. It will be

reviewed in se
tion 3.1.

2. appli
ation of modi�
ations 
aused by lo
al atmospheri
 
onditions (i.e. refra
-

tion). A short dis
ussion 
an be found in se
tion 3.1.

3. understanding the behaviour of the dete
tor. This involves ina

ura
ies of the

tra
king and timing system, me
hani
al deformations of all 
omponents and

opti
al properties of the re�e
tor, but also realisti
 assumptions about the errors

indu
ed by the analysis method and software. Due to this large variety of e�e
ts,

this step is the main fo
us of the te
hni
al part of this work and will be addressed

throughout this and the next two 
hapters.

In H.E.S.S., the pointing is derived from 
alibration runs (pointing runs), where the

teles
ope is aligned dire
tly towards a star. The star is re�e
ted on the mirrors and its

image appears on the 
amera lid 
overing the PMT entran
es. The 
entre of gravity of

the image marks the a
tual observation dire
tion for stars (shower images might di�er

slightly due to di�erent refra
tion) and is 
ompared to the 
entre of the 
amera, whi
h

is the assumed observation dire
tion of an ideally pointed teles
ope. The di�eren
e is

re
orded for various teles
ope orientations and �tted to a model. Under the assumption

that pointing deviations are reprodu
ible, 
aused e.g. by elasti
 deformations of the

teles
ope stru
ture, the model 
an be applied to regular observations.

34



3.1 From the Sky to the Ground

Figure 3.1: Visualization of RA-De
 (blue) and Alt-Az (red) 
oordinate sys-

tems: a 
elestial 
oordinate may be des
ribed by its angular distan
e

from northern dire
tion along the equator (azimuth) and its angular height

above the horizon (altitude), or by its distan
e from the point of vernal

equinox on the 
elestial equator (right as
ension) and its height above the


elestial equator (de
lination).

The 
hosen parametrisation is the Me
hani
al Model [PDH97℄, its implementation in

H.E.S.S. is des
ribed in [Gil04℄. [Gil04℄ showed that the intrinsi
 a

ura
y of this

method 
an be as good as 10�, but also found indi
ation for additional systemati


errors using independent tests.

This work investigates possible systemati
 errors in detail (see 
hapter 4) and presents

a new pointing approa
h in 
hapter 5. But initially, the standard pointing in H.E.S.S.

is introdu
ed to o�er a better understanding of the following resear
h.

3.1 From the Sky to the Ground

Astronomi
al Coordinate Transformations

Most astronomi
al 
oordinate systems are de�ned by two angular 
oordinates that are

perpendi
ular to ea
h other and some referen
e plane passing through the observer.

One of the 
oordinates usually runs from −90◦ to +90◦ and denotes the distan
e from

that referen
e plane while the other runs from 0◦ to 360◦ and marks the orientation

on that plane, so that they are de�ned in a similar manner to latitude and longitude

on the surfa
e of the Earth.
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3 Standard Pointing

Figure 3.2: Coordinate tree in
luding the various systems used in H.E.S.S. to 
on-

ne
t spot 
oordinates in the CCD 
ameras to the Teles
ope and from there

to 
elestial systems. System names refer to the implementation in the

H.E.S.S. software. The left side of the �gure shows the 
oordinate systems

used to des
ribe the teles
ope, while the right side depi
ts di�erent ways of

des
ribing teles
ope orientations and 
elestial 
oordinates. The two trees

are 
onne
ted through the GroundSystem. Yellow systems are dis
ussed

within this work, while faint grey systems are used rarely.

Star 
oordinates are usually given in Right As
ension (RA) and De
lination (De
).

The RA-De
 or Equatorial 
oordinate system is based on the 
elestial equator and

the 
elestial poles (see �gure 3.1). The De
lination of an obje
t is its angular distan
e

from the 
elestial equator, ranges from 0◦ at the 
elestial equator to 90◦ at the 
elestial
poles and is taken to be positive when north of the 
elestial equator and negative

when south. The Right As
ension is de�ned relative to a 
elestial referen
e point: the

vernal equinox or �rst point of Aries (one of the 
rossing points of e
lipti
 and 
elestial

equator) going 
ounter
lo
kwise. The slow pre
ession of Earth's rotational axis leads

to the ne
essity to spe
ify the time at whi
h this referen
e point was �xed. The 
urrent

epo
h is 
alled J2000 and was �xed at January 1st 2000. Of 
ourse, the dire
tion of

a given RA-De
 
oordinate on the observed sky 
hanges with time, therefore it is not

very pra
ti
al for the des
ription of teles
ope orientations.
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3.1 From the Sky to the Ground

The most intuitive 
oordinate system is the HorizonSystem. It is based on the tangent

plane of the Earth passing through the observer. The angle measured verti
al from the

horizon to an obje
t determines the Elevation of that obje
t. It lies in the range from

−90◦ to +90◦, with values greater than zero for obje
ts above and negative values

for obje
ts below the horizon. The se
ond angle 
alled Azimuth (Az) spans 360◦

running 
lo
kwise and starting from 0◦ in northern dire
tion. The apparent height

of a star at a given time is also a�e
ted by refra
tion, whi
h is taken into a

ount

in the AltAzSystem. The Altitude (Alt) for a given Elevation 
an be 
al
ulated with

the knowledge of the appropriate refra
tion 
orre
tion (see 
hapter 3.1), the Azimuth

remains the same as in the HorizonSystem.

A 
hain of 
oordinate transformations (see �gure 3.2) 
onne
ts ea
h system with the

others, sometimes through intermediate systems to obtain a more general implemen-

tation. The systems group into �ve basi
 
lasses a

ording to the transformations

needed to 
onne
t the system to the rest of the tree. These transformations are imple-

mented within the system and are either a 
ombination of shift, rotation and s
aling,

a 
hange in orientation, the proje
tion of a 3-dimensional system onto a 2-dimensional

system, the mirroring of one 
oordinate, or a relative tilting between two planes.

Atmospheri
 Refra
tion Corre
tion

The �rst 
orre
tion applied for a

urate teles
ope pointing is the refra
tion 
orre
tion.

The distan
e of a star from the horizon appears larger due to the bending of light on

layers of in
reasing refra
tive index within the atmosphere. Due to the relation

sin(θ2) =
n1

n2
· sin(θ1) (3.1)

between the angles θ1,2 relative to the surfa
e normal and the refra
tive indi
es n1,2

for two adja
ent layers indi
ated with indi
es 1 and 2, the atmospheri
 refra
tion is

strongest for in
ident light at large zenith angles. The ne
essary altitude 
orre
tion

may rea
h the order of 2' for 60− 70◦ zenith angle and depends on the 
omposition of

the atmosphere and the wavelength of the light (see �gure 3.3). Extensive air showers

are 
reated lower in the atmosphere, whi
h is taken into a

ount applying a redu
tion

fa
tor r to the 
orre
tion given by

r = 1 − e−(hshower(alt)−hlocation)/(8600 m). (3.2)

An important detail for H.E.S.S. is that showers emit blue Cherenkov light, so the

e�e
ts might di�er from the results for starlight, espe
ially when showers are 
ompared

to stars dete
ted by the primarily red-sensitive CCD 
ameras.

Several models exist to 
al
ulate the e�e
ts of refra
tion on star light of di�erent

wavelengths. The two models implemented in the H.E.S.S. Software are based on

the Astronomi
al Almana
 [Nau92℄ (referred to as "exa
t" model and "approximate"
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3 Standard Pointing

Figure 3.3: Atmospheri
 Refra
tion: 
omparison of di�erent atmospheri
 
ondi-

tions and for di�erent visual wavelengths. The range of parameters was


hosen to mirror the range of weather 
onditions measured so far at the

H.E.S.S. site. The refra
tion 
orre
tion using the "exa
t" formula is plot-

ted as a fun
tion of altitude varying one involved parameter at a time,

keeping the other parameters at defaults values (15◦C, 825 mbar, 20%

humidity and 450 nm wavelength).

model). They depend on varying atmospheri
 parameters like ground pressure, tem-

perature and humidity that 
an be measured with the weather station on the H.E.S.S.

site, but also need assumptions about the atmospheri
 pressure pro�le. The 
orre
-

tion was 
al
ulated for di�erent atmospheri
 
onditions and wavelengths and is shown

in �gure 3.3 using the "exa
t" model. The main di�eren
es for di�erent parameter

values are observed for low altitudes, where typi
ally no observations with 
riti
al

pointing questions are performed. A 
omparison of those models and an additional

parametrisation proposed by [Yan98℄ yields less then 5� di�eren
e in refra
tion above

45◦ altitude.
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3.1 From the Sky to the Ground
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Figure 3.4: Refra
tion model 
omparison. The di�eren
e between two 
ompeting

refra
tion models is plotted vs. altitude for various 
olours, pressures and

temperatures.
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3 Standard Pointing

Figure 3.5: Pointing: basi
 prin
iple. The �gure shows the relevant pointing 
om-

ponents of a H.E.S.S. teles
ope. The �eld of view of the SkyCCD (blue)

passes next to the Cherenkov 
amera and observes the sky dire
tly, while

the re�e
tion of stars on the Lid is re
orded using the LidCCD (light red).

The LidCCD also measures the position of the Cherenkov 
amera with the

help of positioning LEDs (green) �xed to the Winston 
one plate.
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3.2 H.E.S.S. Standard Pointing
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Figure 3.6: Mast bending illustrated on the example of CT 4. The plot shows the

verti
al 
amera 
entre determined from the �tted LED spots from Lid-

CCD images in ar
-se
onds relative to an arbitrary o�set. Ea
h point 
or-

responds to one LidCCD fullframe image 
ontaining at least seven LED

spots. Pointing and observation runs from June to November 2006 are

in
luded. The data points between 30 and 88

◦
altitude were �tted to a


osine fun
tion (red line) des
ribing the data well, the residuals to this

fun
tion spread with an RMS in the order of 2�.

3.2 H.E.S.S. Standard Pointing

As mentioned in the introdu
tion to this 
hapter, the pointing deviation is determined

from the di�eren
e of the position of a star imaged on the 
amera lid and the 
amera


entre measured with the positioning LEDs in referen
e runs. The te
hni
al realization

of this measurement is done using the LidCCD. From the di�eren
e in CCD pixels

(LidChipSystem in �gure 3.2), one 
an dedu
e the mispointing on the sky knowing

the fo
al length and pixel size.

A pointing run involves the tra
king of a star, ten images from the SkyCCD, one image

of the re�e
ted star in the 
entral region of the lid with the LidCCD, and one image

showing the eight positioning LEDs, again with the LidCCD. The exposure time for

images of stars is adapted to the star's nominal magnitude. In addition, meteorologi
al

information is stored to apply the refra
tion 
orre
tion and 
orre
t for other e�e
ts


aused by di�erent temperatures (this is so far only done for the pre
ision pointing

des
ribed in 
hapter 5). All 
omponents 
ontributing to the pointing of the H.E.S.S.

teles
opes are summarized in the illustration 3.5.

The mispointing depends on the orientation of the teles
ope, therefore it is ne
essary to

use many measurements in di�erent dire
tions of the sky. The targets are s
heduled
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3 Standard Pointing
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Figure 3.7: Azimuth dependen
e on verti
al star position on the lid. The ver-

ti
al position of the 
entral star on the lid is transformed into ar
-se
onds

(arbitrary o�set subtra
ted) and 
orre
ted for refra
tion. When this value

is plotted as a fun
tion of azimuth, a roughly sinusoidal dependen
e 
an

be seen (red 
urve), indi
ating a tilt of the azimuth axis. The plot shows

this e�e
t for CT3, where it is largest. The data set in
ludes pointing runs

taken between June and November 2006.

automati
ally from stars of the Hippar
os 
atalogue in order to a
hieve a uniform


overage of the azimuth-altitude plane. The 
overage is not homogeneous on angular

s
ales, be
ause the 
hanges depend on the teles
ope stru
ture and therefore the mount

(imagine two "bumps" on the azimuth rail; the distan
e between them will not 
hange

for higher altitude observations, even though the angular distan
e de
reases). Pointing

runs are performed in regular intervals to a

ount for possible 
hanges in the teles
ope

stru
ture or CCD 
ameras. Astronomi
al darkness is not required, so the sets are

typi
ally produ
ed at the beginning and end of ea
h dark period while the moon is

above the horizon.

The total set of mispointing 
orre
tions is approximated by a fun
tion a

ounting

for me
hani
al tilts, shifts and rotations of the teles
ope stru
ture, and amplitudes

and phases of periodi
 errors. Parameters of the me
hani
al model worth mentioning

separately are

• global 
amera o�sets and 
amera rotation,

• the bending of the 
amera support masts under the in�uen
e of gravity following

∆alt ∼ cos(alt). (3.3)

Figure 3.6 shows an example of the verti
al position of the re
onstru
ted 
amera


entre as a fun
tion of teles
ope altitude to visualise the e�e
t. The �tted 
osine
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3.2 H.E.S.S. Standard Pointing
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Figure 3.8: Pointing model for CT2 valid during July 2005. Red arrows show the

193 individual 
orre
tions 
ontributing to the model, grey arrows indi
ate

the �tted pointing model. The arrows are magni�ed with respe
t to the

Alt-Az grid by a fa
tor of 720 (1◦ 
orresponds to 5�). In the lower plot,

the blue arrows represent the residuals of ea
h pointing run. The residual

width is 9.6� and 10.4� for altitude and azimuth 
orre
tions, respe
tively.

dependen
e des
ribes the data well, the residuals to this fun
tion spread with

an RMS in the order of 2�.

• tilts of the altitude and azimuth axis that 
an be seen in the position dependen
e

of the image of tra
ked stars on the lid. An example is given in image 3.7.

The model is then applied to Cherenkov data as a shift in the fo
al plane (rotation and

enlargement is pra
ti
ally 
onstant) depending on the teles
ope orientation in azimuth

and altitude. A visualisation of a typi
al model is shown in �gure 3.8.

A se
ond independent me
hani
al model is produ
ed for the SkyCCD. All parameters

ex
ept the bending term are in the same order of magnitude. This model will be

important for the pre
ision pointing des
ribed in 
hapter 5.
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3 Standard Pointing

Figure 3.9: LidCCD image of a pointing run on Ar
turus in logarithmi
 
olour s
ale.

The eight LEDs and the 
entral star are 
learly visible. The image is over-

laid with a zoom into the region of the 
entral star showing the positions

of the spot (bla
k 
ross) and the 
amera 
entre dedu
ed from the LEDs

(red 
ross).

3.3 Image Pro
essing

Figure 3.9 shows an image of the lid taken during a pointing run with CT2 in
luding

the eight positioning LEDs and the re�e
tion of the 
entral star. The inlay shows

a 
omparison of the positions determined from star and LEDs, hen
e visualises the

pointing 
orre
tion. In this se
tion, the derivation of those two positions within the

image will be explained.

3.3.1 Spot Extra
tion from CCD Images

To gain the desired 
orre
tion, the CCD images have to be pro
essed into a list of

spots 
ontained in the image. This is done in a two-step pro
edure with the help of

the e
lipse library [Dev01℄ developed by the ESO (European Southern Observatory).

In the �rst step, obje
ts in an image are identi�ed a

ording to the following pro
edure:

a 3x3 pixel median �lter removes outlier pixels. Then the median pixel value (i.e. the

threshold 
ontaining half of the pixel intensities) is 
omputed. Under the assumption

that the image 
onsists mostly of ba
kground, this value is a bit larger than the

average ba
kground intensity. A binary map of signal pixels (getting the value 1) with

an intensity greater than this value plus a previously 
hosen threshold o�set is 
reated

and smoothed using the median �lter. The remaining 
onne
ted signal regions are

then individually analysed with standard e
lipse pro
edures.
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3.4 Independent Monitoring of the Pointing using Camera Currents

In the se
ond step, a more a

urate spot extra
tion method is used in sub-frames of

20 x 20 Pixels around ea
h major obje
t's position. The algorithm removes outlier

pixels using the same median �lter as before and applies a segmentation method to

identify one single spot on a possibly non-
onstant ba
kground. After ba
kground

subtra
tion, a 
ut additionally removes weak spot regions (tails) with less than 1/4

of the maximum spot intensity (redu
ed by the median �lter). Finally, the 
entre of

gravity of the remaining image is returned as the position of the spot.

More details 
an be found in [Gil99℄ and [Dev01℄. The un
ertainty of this spot ex-

tra
tion method is part of the systemati
 error of the pointing and will be dis
ussed

in se
tion 4.2.2.1.

3.3.2 Determination of the Camera Centre

The spots identi�ed as stemming from one of the eight positioning LEDs are passed to

a Minuit [JR75℄ based �tting algorithm. The physi
al positions of the 
orresponding

LEDs (EngineeringSystem in diagram 3.2) are s
aled, rotated and shifted to minimize

the summed square distan
es between spot and expe
ted position. This transformation

marks the transition between LidCameraSystem and LidTiltSystem in diagram 3.2 and


an be performed with a minimum of three identi�ed LEDs. It is important to have as

many LEDs as possible in the �t to redu
e systemati
s. Due to a hardware problem,

the pro
edure to turn on one LED is only su

essful in 97.3% of the 
ases. In average,

7.80 of the eight LEDs are turned on in pointing and observation runs. The systemati


in�uen
e of missing LEDs is dis
ussed in 
hapter 4.2.2.2.

3.4 Independent Monitoring of the Pointing using

Camera Currents

On
e a model is 
reated, it is desired to test its 
orre
t appli
ation in an independent

way. The most dire
t assessment of the 
onne
tion between the sky and the Cherenkov


amera 
an be made using the pixel "temperatures". Stars in the �eld of view indu
e

DC 
urrents in the photo-multipliers in addition to the brief �ashes of air shower light.

Due to the rotation of the sky and the Alt/Az mount of the teles
ope, the stars seem

to travel on ar
s around the 
entre of the 
amera with an angular velo
ity depending

on the the 
hange of the angle between polar axis, observation position and zenith

(see [TG97℄). This in
rease in photo-multiplier 
urrents is re
orded and 
an be tra
ed

ba
k to the 
orresponding star.

Pixel 
urrents are derotated and transformed to the RA/De
 plane using a standard

pointing model as des
ribed in 3.2. The validity of that model 
an be tested on

the 
onsisten
y between known star positions and the proje
ted pixel temperature

�u
tuations (see �gure 3.10).
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3 Standard Pointing

For ea
h observation run and teles
ope, the derotated 
urrent maps are �tted around

known star positions with an asymmetri
 fun
tion a

ounting for o�-axis aberrations

of the mirror support stru
ture. The di�eren
e between the �tted position and the

stellar 
oordinate is averaged for all su

essfully identi�ed stars in the �eld of view

and written to a database. The a

ura
y of this test is better than the size of a pixel

due to �eld of view rotation, so the 
omponent perpendi
ular to the 
amera radius

is determined most a

urate (lower left in �gure 3.10). The average deviation for all

runs taken in 2006 is about 1' for CT3 and O(30�) for the other teles
opes. Still, the

overall a

ura
y for a typi
al run does not ex
eed 5', therefore it is not a stringent

test for pointing models, but still useful to dete
t errors like mistaken run parameters

or larger timing o�sets.

3.5 Con
lusion

The me
hani
al model is based on the assumption of elasti
ity and does not a

ount

for time dependent e�e
ts. This introdu
es systemati
 errors. The image analysis is

also a sour
e of systemati
 errors like opti
al aberrations and errors due to the spot

extra
tion. Sin
e problems have been seen in [Gil04℄, the systemati
 in�uen
es of all

those parameters were studied and will be dis
ussed in the following 
hapter.
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3.5 Con
lusion

RA (hours)

D
e

c
 (

d
e

g
.)

-33

-32

-31

-30

-29

-28

0

5000

10000

15000

20000

25000

 5.0V, 5.1B

 5.4V, 5.3B

 6.4V, 7.3B

 7.1V, 8.1B

 7.4V, 7.9B

 7.1V, 7.0B

 6.6V, 7.1B

 7.1V, 8.5B

 7.1V, 7.5B

 7.4V, 7.3B

 6.5V, 8.1B

 7.0V, 7.9B

 7.4V, 8.7B

SkyMap

StarsNCurrents PKS 2155

m50h21m00h22m10h22

CT1

RA (hours)
D

ec
 (

d
eg

.)

-35

-34

-33

-32

-31

-30

-29

-28

-27

0

200

400

600

800

1000

1200

1400

1600

1800

3
10×

 6.4V, 7.3B

 7.1V, 8.1B

 7.4V, 7.9B

 7.1V, 7.0B

 6.6V, 7.1B

 7.1V, 8.5B

 7.1V, 7.5B

 7.4V, 7.3B

 6.5V, 8.1B

 7.0V, 7.9B

 7.4V, 8.7B

 5.0V, 5.1B

 5.4V, 5.3B

SkyMap

StarsNCurrents PKS 2155

m
40

h
21

m
50

h
21

m
00

h
22

m
10

h
22

CT1

StarsNCurrents PKS 2155, new pointing runlist

Figure 3.10: Comparison between pixel 
urrents and star positions for an

individual run (top left) and summed over all runs on one sour
e (top

right). The histogram representing pixel 
urrents transformed to RA-

De
 
oordinates is overlaid with the positions of stars in the �eld of view

giving their magnitude in the visual and blue spe
tral range. The average

deviation over all stars su

essfully �tted in all runs taken in the �rst half

of 2006 (8269 stars in more than 1000 runs) is shown in the two lower

histograms. It is split into 
omponents in the 
amera (left: tangential vs.

radial with respe
t to the 
amera 
entre) or in the sky (right: de
lination

vs right as
ension). The error bars indi
ate the RMS of the distribution.
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4 Sour
es of Pointing Deviations

In the previous 
hapter, it was shown with an independent method relating stars

and pixel 
urrents, that the standard pointing method is good to one ar
-minute if

averaged over a large sample of runs. To determine the error more a

urately and

identify possibilities to improve the systemati
 error, one has to study the individual


omponents 
arefully. Several possible error sour
es have been mentioned throughout

the last 
hapter. This 
hapter is dedi
ated to the detailed dis
ussion of those and

additional e�e
ts.

For the dis
ussion of "errors", it should be distinguished between physi
al e�e
ts of

the instrument and ina

ura
ies of the method used to 
orre
t them. For the pointing,

physi
al 
auses in
lude a misorientation of the whole teles
ope and deformations within

its stru
ture (
overed in 
hapter 4.1) as well as the atmospheri
 refra
tion dis
ussed

in 
hapter 3.1. Errors indu
ed during the 
orre
tion for those pro
esses will be 
alled

methodi
 errors and are 
aused by pointing 
omponents like the CCD 
ameras and

positioning LEDs, but also approximations and the a

ura
y of analysis steps during

image pro
essing, model 
reation or appli
ation. While those are generally smaller

than the physi
al errors, they have to be taken into a

ount for the evaluation of

orientation and deformation errors that are analysed using the CCD 
ameras. Details

on methodi
 errors 
an be found in 
hapter 4.2.

4.1 Analysis of Teles
ope Orientation

This se
tion 
overs the me
hani
al behaviour of the teles
opes

and analyses its e�e
ts on the pointing a

ura
y. First, the ori-

entation of the teles
ope is dis
ussed, beginning with the 
om-

ponent measured with the shaft en
oders of the tra
king system

(se
tion 4.1.1), then studying the tilting of the entire teles
ope

in se
tion 4.1.2. In se
tion 4.1.3, elasti
 deformations of the tele-

s
ope masts and mirror support stru
ture are analysed, followed

by a study of inelasti
 deformations in se
tion 4.1.4.
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4.1 Analysis of Teles
ope Orientation
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Figure 4.1: Tra
king deviations. The left graph shows the di�eren
e between target

position and orientation in right as
ension and de
lination a

ording to

shaft en
oder information for all runs taken until November 2006. On the

right, the proje
tions to the right as
ension (upper) and de
lination (lower)

axis are 
ompared to a Gaussian distribution.

4.1.1 Misorientation due to Tra
king Deviations

The teles
ope's orientation toward the desired target 
oordinate is not always perfe
t.

Deviations 
aused by welds or other �aws on the tra
ks, systemati
 o�sets to lower

azimuth due to the high tra
king velo
ities required for following sour
es near zenith

and similar in�uen
es are measured by the shaft en
oders to an a

ura
y of about

1�. Figure 4.1 shows the di�eren
e between nominal target position and teles
ope

orientation as measured by the shaft en
oders for all runs taken until November 2006.

The tra
king may have an additional o�set in an interval of 10� that 
hanges from

day to day. Assuming that all o�sets within the 10� interval (∆) o

ur with the same

probability, the average error in ar
-se
onds is given as

σx =
∆√
12

= 2.9′′ (4.1)

This is not a systemati
 error sour
e for standard Cherenkov data, be
ause obser-

vations of many di�erent nights are usually 
ombined. Still, a pointing model that

is 
reated within one night would imprint the o�set to the observations it is applied

to. Even though the minimal errors seen in �gure 4.1 prove that the tra
king 
an

be assumed to follow a target position perfe
tly for all pra
ti
al appli
ations, this

systemati
 error of 2.9� due to the initialisation o�set is introdu
ed.
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4 Sour
es of Pointing Deviations
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Figure 4.2: Time evolution of the Azimuth dependen
e of the verti
al star

position on the lid. The �t parameters amplitude (left), o�set from

arbitrary 
onstant (
entre) and phase of a �t to the verti
al star position

vs teles
ope azimuth is shown. The in
reasing amplitude for CT3 
an be


onne
ted to a minute tilting of the whole teles
ope towards an Az of 150

◦

(minimum is at phase - 90

◦
), whi
h 
orresponds to the south-east dire
tion.

The step in the o�set parameter marks the time of a reorientation of the

CCD 
amera.

4.1.2 Tilting of the Whole Teles
ope

On
e the overall orientation of the teles
ope a

ording to the internal shaft en
oders is

known, it is important to determine the relative position of the stru
ture with respe
t

to the sky. As mentioned in 
hapter 3.2, the tilt of the azimuth teles
ope axis 
an

be studied using the images of stars on the 
amera lid. The verti
al position of the

re�e
ted star after refra
tion 
orre
tion varies with teles
ope azimuth as seen in �gure

3.7, indi
ating a tilt of the teles
ope.

This tilt is in
luded and 
orre
ted in the me
hani
al pointing model, but it 
hanges

with time as seen in �gure 4.2: to study the temporal evolution, all pointing runs

taken sin
e May 2005 were divided into subsets 
ontaining 150 star images and �tted

a

ording to �gure 3.7. Fits with a χ2
/ndf. worse than 25 were 
onsidered to be


reated from an in
onsistent data set, probably 
aused by maintenan
e work on the

CCD 
ameras, and omitted. The �t parameters were plotted vs. time.

CT3 
ontinues tilting with a rate of 4�/month, the other teles
opes are more stable

(less than 1�/month). Pointing models should be regenerated frequently, to redu
e the

systemati
 error of CT3 at the end of the period.

4.1.3 Elasti
 Deformations of the Teles
ope Stru
ture

So far, the teles
ope itself 
ould be assumed to be rigid for all 
onsiderations in this


hapter. But deformations due to gravity exist and depend on the teles
ope altitude.
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4.1 Analysis of Teles
ope Orientation
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Figure 4.3: Time Evolution of Bending Parameters. All available LidCCD data

starting Mar
h 2005 were subdivided into sets 
ontaining 100 images. The

data were �tted as shown in �gure 3.6 and the �t parameters are shown

vs. the average day of the data set.

The deformations are 
onsidered elasti
 if they are reprodu
ible independent of the

history of the teles
ope. Covered in this se
tion are deformations of the 
amera masts

and the dish, in
luding 
hanges of the 
amera lo
ation when the lid is opened. All

those e�e
ts were studied using the LidCCD.

4.1.3.1 Bending of the Teles
ope masts

The bending of masts is in
luded in the me
hani
al model and

was mentioned in se
tion 3.2 and shown in �gure 3.6. To study

the stability of this e�e
t, all available data starting Mar
h 2005

were subdivided into smaller sets and �tted to a 
osine fun
-

tion as seen in �gure 3.6. The evolution of the �t parameters is

shown in �gure 4.3. It 
an be seen that the amplitude does not

vary signi�
antly over time, indi
ating no severe aging of the

masts. Steps in the o�set development are 
aused by mainte-

nan
e work performed either on the CCD 
ameras or on the Cherenkov 
amera if the

latter involved unmounting the funnel plate.

Again, the e�e
t is 
overed by the me
hani
al model. Be
ause of the stability of the


orrelation between altitude and 
aused 
amera o�set, it does not indu
e additional

systemati
 errors to the pointing, but makes the 
reation of a new model ne
essary

after major maintenan
e work.
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4 Sour
es of Pointing Deviations
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Figure 4.4: Dish Bending. The verti
al star position from pointing runs of CT2

between June and November 2006 was 
orre
ted for refra
tion as well as

the tilt of the azimuth axis and plotted vs. altitude. The right �gure

indi
ates the time development of the slope parameter for CT2.

4.1.3.2 Deformation of the Mirror Support Stru
ture

The 
amera masts are atta
hed to the dish stru
ture, whi
h also

supports the mirror fa
ets. The pull of gravity on the masts

and the mass of the stru
ture itself 
an 
ause deformations and

therefore a�e
t the arrangement of the mirrors. This 
ould


hange position and shape of the re�e
tion on the fo
al plane,

thus manifest as position dependent opti
al aberrations of the

teles
ope.

To measure the e�e
ts of dish deformation on the imaging quality of the teles
ope,

images of stars on the Lid 
an be analysed regarding to their shape and position,

if one keeps in mind that the CCD 
ameras, too, are atta
hed to the dish, and the

deformation 
ould also have indire
t e�e
ts on the LidCCD. In 
hapter 4.1.4.2, it will

be shown that the behaviour of the LidCCD with respe
t to the dish is reprodu
ible,

therefore the LidCCD is a valid tool to measure the imaging properties relevant for

pointing issues.

After refra
tion 
orre
tion and the 
orre
tion of the axis tilt des
ribed in 
hapter 4.1.2,

the verti
al position of a target star still depends on the altitude of the observation as

seen in �gure 4.4. The dire
tion of the e�e
t (the star appears lower at lower altitudes)

indi
ates that CCD bending is not the dominant e�e
t. The slope of the dependen
e

and magnitude of the e�e
t over an operational range of 60

◦
altitude are given for the
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4.1 Analysis of Teles
ope Orientation
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Figure 4.5: Dish deformation. The left image shows a teles
ope-wise 
omparison of

the RMS of the spot 
reated by the target star in all pointing runs, from

July 2005 to November 2006 (about 1700 runs) in a pro�le histogram. The

right image shows the altitude dependen
e of the horizontal (azimuth) and

verti
al (altitude) 
omponent of the RMS only for June 2006 and CT4.

Slope star vs. alt mag./60

◦
mean dist. from �t

CT1 0.17�/deg 10.2� 7.8�

CT2 0.58�/deg 34.8� 6.2�

CT3 0.52�/deg 31.2� 12.2�

CT4 0.42�/deg 25.2� 7.4�

Table 4.1: Dish bending. .

di�erent teles
opes in table 4.1. The �t parameters do not show a signi�
ant trend

over time that would indi
ate stru
tural aging.

The width of the 
entral spot is shown as fun
tion of altitude in �gure 4.5. The spot

is well 
ontained within one Cherenkov 
amera pixel (about 42 CCD pixels). It 
an be

seen that the spot is generally wider in the horizontal dire
tion for low altitudes but

the extensions be
ome 
omparable above 60

◦
altitude, whi
h 
an be attributed to the

fa
t that the initial mirror alignment was performed on stars above 50

◦
altitude.

Dish bending is 
ontained in the me
hani
al model (not expli
itly, but in 
ombination

with mast bending), and due to its temporal stability it indu
es no additional system-

ati
 error. However, the large spread of positions 
ontributes to the statisti
al error

of the method.
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4 Sour
es of Pointing Deviations

Figure 4.6: E�e
t of opening the 
amera lid. The �gures were 
reated from pairs

of images taken at di�erent altitudes on CT4. One image was taken with

an open, the other with a 
losed 
amera lid. The di�eren
e of the re
on-

stru
ted 
amera 
entre between the two images (open-
losed) in horizontal

(x-) and verti
al (y-) dire
tion was plotted vs. the altitude. As indi
ated

in appendix C, the LidCCD of CT4 would see the 
amera lid opening to

the right, so at larger values of x.

4.1.3.3 Torque of the Camera due to the Weight of the Lid

When the 
amera lid opens, it 
hanges the 
entre of gravity of

the 
amera, whi
h produ
es a small shift of the 
amera position.

This leads to a di�eren
e in the re
onstru
ted 
amera 
entre

between pointing runs and observation runs 
oming from the


losed or opened lid.

To measure this error, images of the LEDs with opened and


losed lid have been taken shortly after ea
h other at di�erent

altitudes. Figure 4.6 shows the altitude dependent shift of the extra
ted 
amera 
entre

in the dire
tion of the movement of the 
entre of gravity. The maximum deviation of

all teles
opes is 2� at 10

◦
or 1.5� at 50

◦
Altitude. While the deviation is very small

for typi
al observations, it is an unavoidable sour
e of error for the standard pointing

method, as pointing runs require a s
reen for the image of the test star.

4.1.4 Inelasti
 Deformations

The last deformation e�e
t dis
ussed in this 
hapter 
overs inelasti
 deformations

yielding a di�erent teles
ope response depending on the history of the measurement.

The term hysteresis will be used to des
ribe a di�erent pointing dire
tion depending

on the previous positions of the teles
opes. It will be shown that the highest previous

target altitude sin
e park-out is the key variable for this e�e
t.
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Figure 4.7: Observation of Inelasti
 Bending Behaviour for CT1 in July-

September 2006. The data set is split into runs for whi
h the teles
ope has

been above 80

◦
before in the same night (blue), and those for whi
h the

previous altitudes did not ex
eed 50

◦
(red). The �gures show the verti
al


amera 
entre vs altitude, the deviations from the �tted 
osine fun
tion

histogrammed and as fun
tion of run number, and the dependen
e of the

deviation from the �t on the maximum previous altitude.

4.1.4.1 Hysteresis Observations

Figure 4.7 shows measurements taken during regular observation implying some sort

of inelasti
 behaviour. The top-left plot of this �gure shows the bending of the 
amera

masts as dis
ussed in se
tion 3.2, but this time a separate population of data points

above the main set 
an be seen. Its di�eren
e from the other points be
omes 
lear when

the data set is divided into measurements where the teles
ope was operated above an

altitude of 80

◦
before the measurement was taken and those for whi
h the previous

operations did not ex
eed e.g. 50

◦
(marked red). The mast bending at lower altitudes

right after parkout obviously di�ers from that after the teles
ope pointed upwards.

To quantify this pe
uliarity, the verti
al 
amera 
entre deviation from the �t 
an be

used. The upper right plot shows the split of those two samples, the lower left plot

its development with run number. The lower right plot shows the deviation from the

�tted 
osine fun
tion on the maximum altitude that was rea
hed before within that

night.
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Figure 4.8: Time development of the hysteresis e�e
t for CT1 between June

2005 and November 2006. The deviations from the bending �t are �lled

in separate histograms until ea
h set 
ontains at least ten points. Then,

the average of those runs where the previous altitude has not rea
hed 50

◦

is subtra
ted from those where the teles
ope has been above 80

◦
and the

di�eren
e is plotted vs. runnumber.

The e�e
t is in
reasing with time for CT1. To show this, the "blue" and "red" data

points have been histogrammed separately until ea
h subset 
ontained at least ten

measurements. The average of both histograms were subtra
ted ("blue" minus "red")

and the di�eren
e was drawn vs. the run number where the required number of

entries was 
olle
ted. This time development is shown in �gure 4.8. A trend towards

a stronger splitting is visible. In summer 2006 the splitting rea
hed 20� between 40

and 50

◦
altitude, and even measurements at 70

◦
altitude are subje
t to hysteresis in

the order of 5�.

Of the other teles
opes, CT3 shows the largest similar split with a magnitude of 5�,

the hysteresis shifts of CT2 and CT4 are in the order of 2� (Appendix D). Pointing

runs usually rea
h high altitudes near the beginning of a test sample, therefore large

zenith angle observations of several nights are subje
t to this systemati
 error.

Fig. 4.9 visualises dire
tional 
onsiderations for several possible 
auses. Sin
e subse-

quent to park out, the 
amera appears higher than after pointing to high altitudes,

the most intuitive explanation, a deformation of only the teles
ope masts, is not sup-

ported. Further investigations of the origin of the e�e
t are introdu
ed in the following

se
tion.
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Figure 4.9: Dire
tional 
onsiderations for inelasti
 deformation e�e
ts as ex-

pe
ted if the di�eren
e was 
reated by the redu
ed pull of gravity at high

altitudes. The red version of ea
h sket
h visualises the situation in
luding

possible deformations 
aused by the gravitational pull, the blue version

symbolises the possible 
hange after pointing at high altitudes.

4.1.4.2 Spe
ial Test Measurements

To explain the observations presented in the previous se
tion, dedi
ated test runs

were taken that provoke the e�e
t in a reprodu
ible manner. Low pointing runs on

the same star are taken right after park out and after pointing near zenith, then the

initial 
onditions are restored with a park-in and the measurements are repeated for


omparison. Figure 4.10 shows results from su
h a test. The 
amera 
entre (left �gure)

shows a step of over 20� when the teles
ope is moved near zenith, that is restored after

parking in. The right �gure shows the verti
al deviation from the modeled star position

in the SkyCCD. The behaviour is similar to the 
amera 
entre, with about half the

amplitude. It is su�
ient to visit the high altitude shortly (one minute) and a short

park-in resets the system.

Figure 4.11 shows tests for the in�uen
e of several possible error sour
es. A detailed

dis
ussion of the investigation will be given in appendix D, here only the results will

be summarised:

• a shift was seen for the 
amera 
entre, the re�e
ted star on the 
amera lid (in

position and spot size) as well as the observed star in the SkyCCD.

• the dire
tion is the same for all three observables (the measured position is lower

after the teles
ope was pointing up).

• the LidCCD is �xed to the 
entral hub.

• the magnitude of the e�e
t depends on the maximum previous altitude.

• the star images are subje
t to an additional short term movement on times
ales

of minutes that indi
ates a gradual rising of the whole teles
ope stru
ture after

rea
hing the target. It does not matter whether the approa
h happened from

higher or lower altitudes.
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Figure 4.10: Spe
ial test runs to investigate the hysteresis e�e
t were per-

formed in May 2006. The left image shows the verti
al position of the


amera 
entre on CT1 for a sequen
e of pointing runs on the same star.

The smaller overall trend to lower values 
orresponds to the di�eren
e

in bending at the di�erent altitudes of the setting star during the test.

In the right image, the di�eren
e between modeled and measured star

position in the SkyCCD is shown for the same runs.

The observations 
an only be explained by a deformation of the whole teles
ope stru
-

ture of CT1.

Di�eren
es between an observation shortly after parkout and one after pointing the

teles
ope 
lose to zenith 
ould threaten the valid appli
ation of spe
ial referen
e runs

to a given observation. Therefore the observation pro
edure was 
hanged to always

park out to the zenith if the sun is below the horizon (e�e
tive late January 2007).
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Figure 4.11: Dedi
ated hysteresis test runs. The left �gure shows the movements

of the pointing star in Lid- and SkyCCD 
ompared to the 
amera 
entre.

In average over the runs of ea
h subset, the three observables show similar

behaviour with the same dire
tion, but di�erent magnitudes. The star

positions are additionally a�e
ted by a short term variation indi
ating

that the teles
ope stru
ture moves up on a times
ale of minutes. The

�gure also shows no di�eren
e between a park in with 
losed (marked

as P) or open 
amera lo
k (Px). The right �gure shows the dependen
e

of the 
amera 
entre on the altitude the teles
ope was moved in between

tests. Altitude values are given below the �gure. Blue numbers indi
ating

movements of the teles
ope to higher Altitudes or parking in (marked as

Alt -35), bla
k values show the altitudes at whi
h the test pointing runs

were taken. Small 
oloured points show the relative lo
ation of spots


reated by lasers atta
hed to the LidCCD.
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Figure 4.12: Spot shapes of the eight LEDs on CT3. The 
olour s
ale is lin-

ear and the same for all sub-images. The 
ontours show eight isolevels

between the ba
kground level and maximum pixel intensity of ea
h spot

with logarithmi
 spa
ing. The 
rosshair shows the re
onstru
ted spot

position. The deformation values are given for ea
h spot.

4.2 Systemati
 Errors of the Measurement

Most of the studies dis
ussed in the previous se
tions were performed with the help

of the LidCCD, so it is ne
essary to understand its behaviour in order to evaluate the

previous results. Pointing models are also based on CCD data, 
orre
t image pro
ess-

ing, the modelling a

ura
y and a 
orre
t representation of the funnel entran
es by the

measured LED spots. This 
hapter 
ontains the dis
ussion of those 
omponents.

4.2.1 Analysis of the CCD Camera Opti
s

In H.E.S.S., the pointing a

ura
y depends strongly on the CCD


ameras, whi
h are subje
t to di�erent ina

ura
ies in the lens

or the pla
ement of the CCD 
hip in its fo
al plane. Two obser-

vations indi
ate su
h e�e
ts:

• The images of some positioning LEDs in the LidCCD show deformations that

are independent of the di�usors. An example image of CT3 is shown in �gure

4.12. The two upper right spots appear as ar
-like stru
tures, while other spots
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Figure 4.13: Example for the wavelength dependen
e of the deformation.

The pi
ture shows an image of the upper right positioning LED of CT3.

The 
amera was illuminated with faint white light, therefore the funnels

are visible. It 
an be seen that while the (red) LED is imaged as a large

ar
, the lines re�e
ted from the funnels are not extended in a similar way.

in the lower right are point-like in 
omparison. The tail of a deformed spot

points to the 
entre of the 
amera.

• Another observation 
an be seen in the left image of �gure 4.13 that shows

an illuminated se
tion of the 
amera together with a positioning LED. The ar
-

shaped extension of the LED spot ex
eeds the width of imaged funnel stru
tures,

indi
ating that the deformation depends on the wavelength of the dete
ted light.

To quantify the investigation of those two e�e
ts, a deformation value was introdu
ed

in [Mol04℄ that measures the intensity deviations of a spot from a �tted Gaussian

shape. For ea
h CCD pixel the deviation between the measured intensity and the

value of the Gaussian �t is 
al
ulated. The sum is normalized to the integral over the

Gaussian fun
tion. The values given in �gure 4.12, but also �gures 4.14 and 4.15 refer

to this parameter.

These observations 
ould either be 
aused by the lens or the 
hip of the CCD 
amera,

so those two 
omponents will be studied separately in the following two se
tions.

4.2.1.1 Lens Aberrations

Any lens is subje
t to spheri
al and 
hromati
 aberrations leading to imperfe
tions ei-

ther depending on the in
ident parameter relative to the opti
al axis or the wavelength

of the proje
ted light.

Chromati
 aberrations are 
aused by a wavelength dependen
e of the refra
tive

index 
alled dispersion. Due to this e�e
t, the fo
al length varies with 
olour and
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Figure 4.14: Wavelength dependen
e of the deformation. Images from [Mol04℄.

The wavelength dependen
e of the deformation value (left) and the length

of a measured diagonal (right) is shown.

fo
using 
an only be su

essful for a narrow spe
tral range, while other wavelengths will

appear blurred. As any single lens su�ers from this e�e
t, quality 
amera lenses 
onsist

of an elaborate system of di�erent 
orre
tion lenses to 
ompensate for dispersion in

the visible range.

Chromati
 aberration a�e
ts the pointing in two ways:

• be
ause the sensitivity of the CCD 
hip used extends into the IR range, images

of stars show a signi�
ant widening that is avoided using a �lter to blo
k IR

light.

• the shape of a spot far from the opti
al axis depends on its 
olour, whi
h a�e
ts

images of the positioning LEDs. It was found that the deformation value was

largest for 525 nm with smaller values towards blue and red light. This 
an also


hange the position of the peak, so individual spots in the 
orner 
ould obtain

position errors in the order of 0.5 CCD-pixels (or 7� for the LidCCD with the

135 mm lens) depending on their 
olour (see �gure 4.14). Therefore the observed

magni�
ation is also wavelength dependent. It rea
hes a maximum for 525 nm.

Close to the edge of the image, the values for 450 nm and 600 nm are 0.5 h below

that maximum (�gure 4.14).

The large aperture desired to dete
t faint stars favours an additional error 
alled

spheri
al aberration. Rays that pass 
lose to the edge of the lens are fo
used on a

di�erent plane than rays 
lose to the opti
al axis. This additional blur of the image


ould be avoided with aspheri
al lenses, but be
ause of their high 
osts, it is usually


orre
ted to a large degree by the lens system. O�-axis spots may show tails 
alled


oma be
ause of this e�e
t. It 
an be redu
ed by 
losing the aperture to reje
t rays

passing the lens far from the opti
al axis.
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Figure 4.15: Aperture dependen
e of the deformation. Image from [Mol04℄.

The deformation value and spot 
ontours are shown for images of the

same spot taken with di�erent apertures.

The LidCCD lenses show deformed spots toward the edge of the image for the large

apertures of f/2 and f/2.8 (�gure 4.15). The deformation lessens and then remains

stable for apertures smaller than f/4, but shows a small in
rease again for f/22. As

spheri
al aberration yields radially symmetri
 distortions, the in�uen
e on the re
on-

stru
ted 
amera 
entre is insigni�
ant as long as the image is symmetri
, so it was

de
ided to retain the large aperture of f/2.

Both, 
hromati
 and spheri
al aberration 
hange the shape of spots far from the opti-


al axis of the CCD 
amera. This has an in�uen
e on the re
onstru
ted position of the

spot rea
hing as mu
h as 7� for individual 
orner spots due to 
hromati
 aberration.

The in�uen
e of spheri
al aberration on the position 
an not be measured dire
tly

be
ause the 
amera has to be tou
hed in order to 
hange the aperture, but the range

of observed deformation values is small 
ompared to 
hromati
 aberration. Therefore

opti
al aberrations are 
ombined to a systemati
 error of 7� for individual spot posi-

tions. The error on the re
onstru
ted 
amera 
entre depends on the symmetry of the

image as dis
ussed in se
tion 4.2.2.2.

So far, it 
ould be explained why o�-axis spots show wavelength dependent deforma-

tions, but not why di�erent 
orners of the image should be a�e
ted di�erently. The

reason for this asymmetry will be investigated in the following se
tion.

4.2.1.2 Chip Deformation and Expansion

This 
hapter 
overs studies to understand the in�uen
e of the CCD 
hip on the pointing

a

ura
y. First, an explanation for the position dependen
e of the deformation will

be given. Then two other properties of the CCD 
hip, the thermal expansion of the

material and its segmentation into pixels with �nite borders are investigated.

Tilt of CCD Chip It was assumed that the position dependent ar
 shapes 
ould arise

if the 
hip is not perfe
tly aligned with the opti
al axis of the lens. The sharpness

variations over the �eld of view presented in appendix B also support this assumption.
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Figure 4.16: Spot simulations in di�erent 
orners of the �eld of view assuming

a 0.5◦ tilt of the CCD 
hip relative to the opti
al axis. Two di�erent

wavelengths of in
ident light were 
hosen, and the results are presented

in green (656 nm) and blue (587 nm). The simulated spot shapes agree

remarkably well with observations (right, top: observed spot, linear 
olour

s
ale, middle: simulated spot with 10 times �ner resolution, x inverted,

bottom: simulated spot re-bined). The simulation was performed by

Walter Seiferts at the MPI for Astronomy.
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Figure 4.17: Temperature sensitivity of the spot position on the CCD 
hip.

Image from [Mol04℄ showing the movement of a spot depending on the


ooling state of the CCD 
amera. Sub�gure (a) shows the pro
edure:

images were taken with an un
ooled 
amera, then the 
ooling was turned

on and the temperature readout falls by about 50

◦
within about 25 min-

utes. After 50 min in the 
ooled state, the 
ooling is turned o� and the


amera warms up again. After about 75 min, the 
ooling is turned on

again. Sub�gure (b) shows the position of a spot during those 
ooling


y
les.

The relative quality of spots in di�erent 
orners remains the same for di�erent lenses,

even the di�erent type used before 2005. Therefore it 
an be 
on
luded that the

misalignment indeed originates within the CCD 
amera.

Ray tra
ing simulations were performed by Walter Seiferts at the MPI for Astronomy

using a 
ommer
ial software (ZEMAX [ZEM05℄). The software pa
kage 
ontains de-

tails about many lenses in
luding one that should be very similar to the 135 mm lens.

The simulated images are in very good agreement with the measurements for a tilt

of 0.5◦ between 
hip and fo
al plane, in
luding the di�erent shapes in di�erent edges

and the intensity dip in the 
entre of strongly deformed spots. Figure 4.16 shows the

results of those simulations for two wavelengths. The 
onstru
ted spots were anal-

ysed with the standard spot extra
tion method to quantify the deviation from the

expe
ted position. The displa
ement between true and re
onstru
ted position aver-

ages to 0.5 CCD-pixels or 7� for the LidCCD. This value agrees with the shift found

due to 
hromati
 aberration, but due to the asymmetri
 in�uen
e on di�erent 
orners,

the deformation 
aused by a tilt of the 
hip in�uen
es the re
onstru
ted 
amera 
en-

tre. For the simulated spots of �gure 4.16, the 
entre would be re
onstru
ted 10� too

low.
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Figure 4.18: Temperature sensitivity of the spot position. For all CCD data

from CT2 between April and November 2006, the s
ale of the 
amera


entre �t (CCD pixel / m on the lid) is plotted vs. air temperature.

The bla
k points show the individual measurements and a red pro�le

histogram of the same data with a linear �t is added to the �gure. The

measured slope 
orresponds to an expansion 
oe�
ient of 4.2 ·10−5
/K.

For CT4, the e�e
t 
an also be seen dire
tly as shown in the right �gure.

CCD Cooling The CCD 
hip is 
ooled by a Peltier element whi
h keeps it at a given

temperature di�eren
e to the surroundings. It was noti
ed that the re
onstru
ted

position of a spot depends on the 
ooling status, so spe
ial test measurements were

performed in the laboratory to investigate its in�uen
e on the image. It was found

that the positions of spots move during the 
ool-down phase. When the 
amera was

�rmly atta
hed to a large blo
k of 
on
rete, the spot moved by 8� and stopped in

about 5 min.

The movement 
ould be identi�ed as an expansion of the 
hip relative to a �xed point in

one 
orner. The 
orrelation between temperature and position yields a linear thermal

expansion 
oe�
ient of 6.5 · 10−6 K−1
, whi
h is in the same order of magnitude as the

expansion 
oe�
ient of pure sili
on, 2 − 2.5 · 10−6 K−1
. For a temperature di�eren
e

of 30 K this 
orresponds to a maximal error of 4�.

A stronger temperature dependen
e 
an be seen in images from the CCD 
ameras

mounted on the teles
opes. Figure 4.18 shows the s
ale of the LED �t as fun
tion of

temperature. The expansion 
oe�
ient of (4.2 ·10−5
/K) is a fa
tor ten larger than

the expansion 
oe�
ient of pure sili
on and results in a di�eren
e of 12�/m for 20 K

temperature di�eren
e. The dis
repan
y 
ould be 
aused by thermal expansion of the

lens and CCD mount whi
h are a�e
ted by the air temperature, but not the 
ooling

state of the 
hip. If the 
hip is �xed in one 
orner, the 
amera 
entre moves by 8�. As

a 
onsequen
e, the CCD 
ameras in Namibia are now 
ooled before observation and

the air temperature enters as an additional parameter into the new pre
ision pointing

method dis
ussed in 
hapter 5.
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Figure 4.19: Digitisation. A bending parametrisation for ea
h individual LED is


reated (here for CT3). Then the expe
ted verti
al LED position a

ord-

ing to that model is subtra
ted from the a
tual spot position and plotted

vs. the re
onstru
ted fra
tion within ea
h pixel (left �gure). The right

�gure indi
ates that values with small deviations from pixel borders are

favoured in the re
onstru
tion.

Digitisation E�e
ts Binning e�e
ts (a small dependen
e of the re
onstru
ted posi-

tion on the lo
ation within a pixel) in the order of less than 0.1 CCD-pixel 
an also be

seen in real images. It was not found in simulated ones, so the deviation is 
aused by

the borders between CCD pixels and not an artifa
t of the analysis. Figure 4.19 shows

how the mast bending 
an be used to identify binning e�e
ts. Between an altitude of

20

◦
and 90

◦
, the spot regularly 
rosses about 5 CCD pixels, whi
h 
an be used for the

analysis. It 
an be seen that the deviations from the expe
ted verti
al position are

larger at the pixel edges. The e�e
t is part of the residuals to the bending 
urve and

not 
orre
ted, but should 
an
el out for a large number of measurements.

4.2.2 Ina

ura
ies of the Image Analysis

All methods using CCD images to identify pointing deviations are subje
t to a 
ommon

sour
e of error 
aused by the analysis pro
edure used to extra
t spot positions from

images. In�uen
es of the spot shape and intensity or a se
ond spot in the analysis

region were investigated.
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Figure 4.20: Spot extra
tion errors from simulated spots. Ea
h plot is 
reated

from 500 images of a Gaussian shaped, randomised peak in a �ts image,

50 in ea
h data point. The deviation from the simulated position is shown

as a fun
tion of signal to noise ratio and spot RMS.

4.2.2.1 Spot Extra
tion Errors

To independently test the spot extra
tion (des
ribed in 3.3.1), point-like spots with

di�erent sizes and intensities have been simulated as two dimensional Gaussian shaped

peaks over a typi
al ba
kground level that was randomized following a Gaussian distri-

bution for ea
h pixel value. The extra
tion algorithm determined the 
orre
t position

with an a

ura
y of 0.005 to 0.05 pixels depending on the signal to noise ratio and

spot RMS (see �gure 4.20). For the LidCCD this would indu
e an error of 0.07� to

0.7� respe
tively, while the error for typi
al spot values is 0.1�. In the SkyCCD this


orresponds to 0.016�.

Elongated spots, that were simulated to mimi
 the extended re�e
ted star on the Lid

at altitudes below 50

◦
, usually show errors between 0.5� and 0.8�.

To investigate the in�uen
e of a re�e
tion or se
ond star on the re
onstru
ted spot

position, images with two Gaussian spots within an analysis window were simulated.

Several 
ombinations of spot intensities, ba
kground levels and spot RMS were tested

for di�erent distan
es between the two spots (see �gure 4.21). A typi
al value for the

in�uen
e of a se
ondary spot with an intensity of 5% of the primary spot with 3 pixels

RMS (standard for 
entral star) is 0.17 CCD-pixels or about 2� for the LidCCD.

4.2.2.2 Fit A

ura
y

An additional spot within the readout window of the LED 
an 
hange the result

signi�
antly. But also the absen
e of one or more referen
e points 
an in�uen
e the
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Figure 4.21: In�uen
e of a se
ond spot on the spot extra
tion from simulated

spots. A main spot was simulated at a position of 10.0 pixels with a

signal to noise ratio of 5 and (only in the left image) an RMS of 3.5. A

se
ond spot with the same RMS and 5% intensity of the main spot (25%

of the BG) was added with a varying o�set. Ea
h data point 
ontains

10 images. The let �gure shows the dependen
e of the in�uen
e on the

position of the se
ond spot. It 
an be seen that the re
onstru
ted value

di�ers most from the simulated value when the two spots have a distan
e

of about 6 pixels. The se
ond spot even in�uen
es the position if it is

outside of the analysis frame (starting at 0). The right image shows the

dependen
e of the size of this e�e
t at 5 pixels distan
e on the RMS of the

spots. It 
an be seen that the in
reasing overlap of the two spots enlarges

the shift towards the position of the se
ond spot, but the in�uen
e on the

width levels o� when the RMS approa
hes the distan
e between the two

spots.

re
onstru
ted 
entre if the relative positions do not perfe
tly mat
h the design pattern.

Opti
al aberrations and a tilt of the CCD 
hip with respe
t to the opti
al axis add

to the me
hani
al variations. A measure for the relative di�eren
es is the residual of

ea
h single LED to the �t result, whi
h is shown in �gure 4.22. A small sheer of the

positions is visible for all teles
opes, the upper half of the image appears shifted to

the opposite dire
tion of the lower half, the dis
repan
y is largest for CT3.

Due to those di�eren
es between the individual LEDs, missing spots 
an shift the

re
onstru
ted 
entre as seen in �gure 4.23. For model 
reation, images with a minimum

of seven LEDs are sele
ted to redu
e the expe
ted error to 4� (CT4) or less.

In order to estimate the a

ura
y of the �tting routine under 
ontrolled 
onditions,

whole LidCCD images were �lled with simulated spots of randomised intensity like

those des
ribed in se
tion 4.2.2.1 and analysed with the regular pro
edure. The right
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Figure 4.22: Residuals of individual LEDs to the �t for about 2000 images per

teles
ope taken in O
tober 2006. The arrangement of sub�gures 
orre-

sponds to the lo
ation of the LEDs on the Cherenkov 
amera.

plot in �gure 4.23 shows that the �tting routine returned the 
orre
t value for the

re
onstru
ted 
entre with an a

ura
y of 0.1�. Therefore it 
an be assumed that the

previously mentioned variation of the 
amera 
entre is indeed 
aused by physi
al e�e
ts

and not an artifa
t of the �tting pro
edure.

4.2.3 LEDs as Valid Representation of the Funnel Plate

So far, all measurements of the 
amera position referred to the positioning LEDs, yet

the desired parameter is the lo
ation of the Winston 
one entran
es. This 
hapter will

give details about the a

ura
y of the 
onne
tion of those two values.

Both, LED-di�usors and Winston 
ones are mounted on the funnel plates at positions


rafted with a me
hani
al a

ura
y of 0.2 mm or 2.5�. An a

urate measurement

is desired to quantify possible additional e�e
ts like the fastening of the di�usors,

funnel bending and di�eren
es between the three funnel plate segments. Espe
ially

the position of the 
entral plate, whi
h does not have any positioning LEDs atta
hed

to it, 
an only be measured through funnel imaging.

Initial tests using an illumination of the funnel edges by the moon like in �gure 2.5


ould not be used to determine the absolute shift be
ause the image was dominated by

re�e
tions from the dust inside the funnels instead of from its edge, but this method is

still useful for relative measurements between the three plates. A step of 0.4 mm 
ould

be identi�ed between two segments on one teles
ope. This shift may 
hange when the
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Figure 4.23: In�uen
e of missing LEDs on the horizontal re
onstru
ted 
amera


entre. Images taken between July and November 2006 were used. The

right plot shows the deviation of the re
onstru
ted 
amera 
entre for

simulated LidCCD images.

funnel plates are removed for maintenan
e work on the drawers (and, unless it a�e
ts

only the 
entral segment, is also seen in the LED positions (see �gure 4.24)).

A dire
t testing method relative to the LED positions was desired, that should avoid

the re�e
tions from dust inside the funnels and be harmless for the tou
h-sensitive

funnels and light-sensitive 
amera. An opti
al measurement with the LidCCD had

the advantage of getting the deviation from the 
entre as it is determined in regular

pointing- or observation runs.

The 
hosen design of so 
alled funnel markers is shown in �gure 4.25. Sixty markers

were produ
ed and inserted between the funnels of three CTs in Namibia for test

images. They were illuminated with green LEDs from the 
entral dish to ensure

minimal 
hromati
 aberrations without harming the PMTs. Images were taken at three

di�erent altitudes and with di�erent exposure times. Ea
h image was 
leaned from

re�e
tions on the unshielded funnels, then the lines were �tted and shifted to the 
entre

using a previously determined optimal image s
ale and rotation. The interse
tions of

those lines give the 
entre position as well as its statisti
al error. The systemati
 error


an be derived from the line-�nding method (0.09 CCD-pixels statisti
s + 0.1 CCD-

pixel systemati
s), the error 
aused by the assumed s
ale and rotation (0.01 CCD-

pixel systemati
) and the statisti
al spread in the images with di�erent exposure time

(0.05 CCD-pixels), yielding 0.2 CCD-pixels or 3� for the 
ombined error of the method.

Figure 4.26 shows the results of this measurement. While it is unfortunate that no

shift 
ould be measured for CT3 where the previous 
hapters indi
ated the largest
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Figure 4.24: Shift of the 
amera 
entre after a drawer ex
hange

LED problems, no signi�
ant shift of the whole 
amera was found within the a

ura
y

of the method for any of the three teles
opes.
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Figure 4.25: Funnel marker: the design 
onsists of thin metal blades with additional

metal pie
es atta
hed at the top edge to form a symmetri
 T-stru
ture

for better visibility. The top is painted white, the sides bla
k. "Wings"

made of bla
k paper blo
k light from inside the funnel.

CT hor. Shift vert. Shift

CT1 -1.0�± 3� -0.8�± 3�

CT2 -1.8�± 3� -0.8�± 3�

CT4 -3.7�± 3� +0.6�± 3�

Figure 4.26: Di�eren
e of the 
amera 
entre between LEDs and funnel

marker. The diagram shows the determined di�eren
es for the di�erent

funnel plate se
tions of CT1 and the whole image. The table presents the

overall values for all three tested teles
opes.
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4.3 Overall Performan
e

Being a stereos
opi
 instrument, H.E.S.S. uses a 
ombination of data from di�erent

teles
opes for the re
onstru
tion of the sour
e lo
ation. For showers seen in two

teles
opes, the error of one teles
ope enters into the averaged error on a sour
e with a

fa
tor 1/2 for events in
luding the a�e
ted CT, whi
h is the 
ase for one half of these

events. The in�uen
e is even less for the rarer three- and four-fold events. Therefore

a 20� error that is unique to one teles
ope like the hysteresis error of CT1 
an be

expe
ted to shift the sour
e position by less than 5�. For the hysteresis example,

however, the smaller shifts seen in the other teles
opes are not independent of ea
h

other, so they are not added quadrati
ally and yield a 
ombined error of 8�.

In general, the individual errors σi of the CTs were 
ombined to the error ∆system of

the array a

ording to

∆system =

√

√

√

√

CTs
∑

i

(σi/4)2
(4.2)

if the errors for the di�erent teles
opes were independent and

∆system =

CTs
∑

i

(σi/4) (4.3)

if the 
ause of the error was external and therefore the errors 
onne
ted.

Table 4.2 presents a 
olle
tion of the errors dis
ussed throughout this 
hapter. The


olumn "Com." states whether the errors of individual CTs are assumed to be inde-

pendent (Q) or not (L) for the 
al
ulation of the system ina

ura
y.

Additional remarks:

• Misorientation denotes the error from a di�erent shaft en
oder initialisation

value than during model 
reation.

• Tra
king des
ribes the ability of the tra
king system to 
orre
tly follow a sour
e.

It is marked as systemati
 error, be
ause for high altitudes, the teles
ope might

be systemati
ally "behind" the sour
e due to the limited tra
king speed. It is

also a statisti
al error.

• Refra
tion model a

ounts for the possibility that the used parametrisation is not


orre
t (estimated from the di�eren
e of two di�erent models), Refra
tion means

the instantaneous di�eren
es due to atmospheri
 parameters or the wavelength.

• the two values given for Hysteresis are valid for the 
amera 
entre and the star

on the lid respe
tively.

• Opti
al aberrations are seen for the individual LEDs, but their in�uen
e on the

pointing is limited to asymmetri
 
onditions, whi
h are 
overed by the points

Tilt of the CCD 
hip and Fit a

ura
y.
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e

To 
al
ulate the 
ombined a

ura
y of the system, statisti
al errors (written in ital-

i
s) a�e
ting the Star on the Lid (StarL) and the 
amera 
entre (C.C.) were added

quadrati
ally for ea
h teles
ope assuming independen
e. Then, the teles
ope errors

are 
ombined a

ording to (4.2).

Four systemati
 errors depend on the altitude, three of them being larger for lower

altitudes: the error due to an ina

urate refra
tion model, the shift of the 
amera


entre when the 
amera lid is opened and hysteresis. The refra
tion a�e
ts a di�erent

observable then the opening of the lid and is in �rst order independent of the hystere-

sis

1

. The error of opening the lid should not depend on the history of the observation,

but sin
e it was not tested for a 
orrelation, these two errors will be added linearly.

The rest of the errors are assumed to be independent and are added quadrati
ally,

be
ause the large number of errors to be 
ombined makes it highly improbable that

all of them in�uen
e the result in the same dire
tion.

The 
ombined error of the H.E.S.S. array in four teles
ope operation using the standard

pointing method six months after the 
reation of the applied model 
an be given as

±5� (statisti
al) ±13� (systemati
al).

1

ignoring the 
onne
tion that low observations without going to high altitudes �rst are more probable

at the beginning of the night, when it is typi
ally warmer and the error of the refra
tion model


ould be di�erent
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n
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e
v
i
a
t
i
o
n
s

E�e
t CT1 CT2 CT3 CT4 Com. ∆system depends on / remarks

Instrumental errors

Misorientation StarL,S 3� 3� 3� 3� Q 1.5�

Tra
king StarL,S 1� 1� 1� 1� L 1� altitude (tra
king speed)

Refra
tion model StarL,S 5� 5� 5� 5� L 5� model

Refra
tion StarL,S O(2�) O(2�) O(2�) O(2�) L O(2�) alt, λ, atmosphere

Teles
ope tilting StarL,S 1� 0.7� 4� 0.7� Q 1� [per month℄ time

Mast Bending Residuals C.C. 7� 3� 4� 2� Q 2.3�

Dish Bending StarL 8� 6� 12� 7� L 8.4�

Opening the lid C.C. 1.8� 1� 1� 2� L 1.5� alt

Hysteresis All 25�/10� 2�/2� 5�/2� 2�/4� L 8�/5� CT, previous altitudes, time

Methodi
 errors

Opti
al aberrations LED <7� <7� 7� <7� Q 0�(sym) λ, aperture, lens

Thermal expansion All 9� 9� 8� 6� L 8� temperature

Tilt of CCD 
hip All O(3�)? O(3�)? O(10�) O(3�)? Q O(2�-5�) teles
ope

Spot extra
tion All 1� 1� 1� 1� Q 0.5� spot quality, elongation

Se
ond spot All 2� 2� 2� 2� L 1� �eld of view, re�e
tions

Fit a

ura
y C.C. 1� 1� 1� 4� Q 1� number of LEDs

Funnel-Di�usor C.C. 1.3� 2� >O(5�)? 4� Q O(2�) mounting of funnel plate

Sum systemati
 StarL 19� 11� 15� 10� Q 7/9/15� (1/6/12 months after model)

Sum systemati
 C.C. 27� 10� 15� 8� Q 8�

Sum systemati
 Model 31� 15� 21� 13� L 11/13/17� (1/6/12 months after model)

Sum statisti
al StarL 8� 7� 12� 8� Q 5�

Sum statisti
al C.C 7� 3� 5� 5� Q 3�

Sum statisti
al Model 11� 7� 13� 9� Q 5�

Model a

ura
y ∼10� ∼10� ∼10� ∼10� number of pointing runs

Table 4.2: Contributions of individual error sour
es. Statisti
al errors are written in itali
s.
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5 Pre
ision Pointing

Knowing the diversity of errors presented in previous 
hapter, a new approa
h is

ne
essary to minimize the systemati
 errors of the pointing dire
tion. Many in�uen
es

have been shown to depend on time, so it would be favourable to measure as mu
h

information as possible in parallel with observations.

During observation runs, it is possible to use the SkyCCD to get information on

misorientation and tilting, and the LidCCD to measure the 
amera lo
ation in
luding

the deformation of masts or di�eren
es from opening the 
amera lid. But it is not

possible to dete
t the image of stars in the fo
al plane in observation run, so some

model derived from referen
e runs is still needed.

Many of the e�e
ts des
ribed before a�e
t both CCDs, so their relative behaviour


an be expe
ted to be mu
h more stable than deformations of the whole teles
ope. A

model that only des
ribes the relative di�eren
es between the CCD 
ameras is valid

for longer time periods and 
an be used to predi
t the position of re�e
ted stars in the

LidCCD from the stars seen in the SkyCCD. This holds, as long as mirror and dish

deformations 
an be assumed reprodu
ible.

5.1 Pro
edure

In parallel to γ-ray observations, images from stars in the �eld of view of the SkyCCD

provide information about the teles
ope orientation relative to the sky. The spots in

the SkyCCD are �tted to the star positions in the observation dire
tion and a mis-

pointing ve
tor for the SkyCCD is determined (see �gure 5.1).

This SkyCCD mis-pointing needs to be translated into a mis-pointing for the Cherenkov


amera, that 
orresponds to the o�set of the mirrored sky in the fo
al plane from the

nominal observation position (�gure 5.2). The 
orrelation between those two shifts

depends on the teles
ope altitude, azimuth and environment temperature. It should

be noted, that in addition to the misorientation of the teles
ope, this 
amera mis-

pointing is a�e
ted by the bending of the dish, but not the deformation of the 
amera

masts.

When the mis-pointing between nominal and a
tual lo
ation of the observation di-

re
tion in the fo
al plane is known, 
amera 
entre information from the LidCCD is

applied in a third step to determine the shift of the observed sky to the position of
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Figure 5.1: Determination of the SkyCCD mis-pointing. Illustration of the pro-


edure 
omputing the mis-pointing seen in the SkyCCD. Spots are ex-

tra
ted from the SkyCCD image and transformed into RA-De
 using the

nominal pointing dire
tion of the teles
ope. The spots are mat
hed to ob-

servable stars from the Ty
ho and Hippar
os 
atalogue using an iterative

sele
tion pro
edure. A χ2
-�t determines the deviation of the whole set.

the Cherenkov 
amera. This shift is 
omputed for ea
h LidCCD image and 
an be

applied to the image parameters of 
orresponding Cherenkov data.

Model Creation

The 
riti
al step of the pro
edure des
ribed above is the transformation of a mis-

pointing measured in the SkyCCD to the 
orresponding shift on the 
amera lid. The


onne
tion between the two systems 
an be determined from referen
e pointing runs as

used for the standard pointing approa
h. In those runs, the LidCCD mispointing 
an

be measured as the distan
e between the image of the tra
ked star and the nominal


entre of the LidCCD �eld of view. The SkyCCD mis-pointing is again 
omputed from

the di�eren
e between the proje
ted star image and its nominal 
oordinate. Figure

5.3 shows the 
orrelation between the star positions in the two CCD 
ameras.

It was seen that the average 
orre
tions 
reated with this model drift over time, while

the overall dependen
ies of the model parameters des
ribed below don't 
hange signif-
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5.1 Pro
edure

Figure 5.2: Pre
ision pointing in observation runs. The �gure illustrates the


on
ept of the Sky-Lid-Model. In observation runs, the spots seen in the

SkyCCD are mat
hed to stars in the �eld of view (f.o.v) as des
ribed in

�gure 5.1. The observed SkyCCD mis-pointing and the Cherenkov 
amera

mis-pointing between the 
entre of the 
amera (expe
ted 
entre of f.o.v.)

and the lo
ation of the target observation position (true 
entre of f.o.v. on


amera) are 
onne
ted through the Sky-Lid-Model

i
antly. This quality allows to use a large set of pointing runs for the a

urate 
reation

of a model and apply the information on the temporal evolution independently.

The model is 
reated in several steps that are demonstrated in �gure 5.4:

1. a linear 
orrelation between the two values in azimuth and altitude is �tted. The

following 
orre
tions apply to the residuals of this �t.

2. the altitude dependen
e of the residuals is mainly 
aused by dish bending and

�tted with a sine fun
tion:

δAz/Alt = p0 + p1 ∗ sin(Alt + p2) (5.1)

3. the azimuth dependen
e of the 
orre
ted residuals is �tted to a sine fun
tion like

equation 5.1.

4. a linear dependen
e on the outside temperature is 
orre
ted.

5. the temporal stability of the previous modeling steps allows to use the residuals

of ea
h 
alibration period to the 
ombined model to a

ount for time evolution
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Figure 5.3: Correlation between Sky- and LidCCD.

(divided by maintenan
e work on one of the CCD 
ameras). Figure 5.5 demon-

strates that the residuals of the model follow a Gaussian distribution with a

typi
al RMS of the between 3� and 6.4� (average: 4�) depending on the sky


overage of the data set. The mean deviation within one pointing 
alibration

period is the last parameter of the model and applied as a shift to the data.

5.2 Investigation of Remaining Systemati
 Errors

The new approa
h eliminates most instrumental error sour
es presented in the previous


hapter: all e�e
ts 
hanging the orientation of the teles
ope or 
aused by di�eren
es in

the atmosphere or the refra
tion model are ine�e
tive due to the online measurements

with the SkyCCD, while the LidCCD 
overs mast- and 
amera e�e
ts. However, the

observed hysteresis is redu
ed, but not removed (see appendix D for details) and dish

behaviour variations might still 
ause a statisti
al spread in the data.

Most methodi
 errors are still valid, but the introdu
tion of a temperature dependent

term into the model 
an
els the largest in�uen
e on the overall systemati
 error (the


amera 
entre is measured with 
orre
t temperature). The spot extra
tion error was

derived from an absolute error in CCD pixels, therefore it has to be redu
ed to 17% for

the SkyCCD a

ording to the better resolution of the 
amera and be
omes irrelevant.

The image of the sky is not symmetri
, so an estimate about the opti
al aberration of

the SkyCCD lens has to made, but sin
e stars of di�erent positions on the CCD 
hip

will be 
ombined in the analysis, the error be
omes statisti
al.

In total, 6 of the 17 error sour
es in table 4.2 do not apply to the pre
ision pointing

approa
h and two are redu
ed signi�
antly. Table 5.1 presents the remaining errors in

a 
omparable way to table 4.2. The error of the entire experiment 
an now be stated

as ±5� (statisti
al) ±6� (systemati
al).
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E
r
r
o
r
s

E�e
t CT1 CT2 CT3 CT4 Com. ∆system remarks

Instrumental errors

Misorientation StarL,S - - - - Q -

Tra
king StarL,S - - - -' L -

Refra
tion model StarL,S O(1�) O(1�) O(1�) O(1�) L O(1�) redu
ed to shower-star di�eren
e

Refra
tion StarL,S O(2�) O(2�) O(2�) O(2�) L O(2�) alt, λ, atmosphere

Teles
ope tilting StarL,S - - - - Q -

Mast Bending Residuals C.C. - - - - Q -

Dish Bending StarL 8� 6� 12� 7� L 8.4� teles
ope

Opening the lid C.C. - - - - L -

Hysteresis StarL,S 15� 2� 2� 6� L � modi�ed a

ording to App.D

Methodi
 errors

Opti
al aberrations StarS 2� 2� 2� 2� Q 1� λ, aperture, lens

Thermal expansion All - - - - L - model parameter

Tilt of CCD 
hip C.C. O(3�) O(3�) O(10�) O(3�) Q O(2�-5�)

Tilt of SkyCCD 
hip StarS O(2�) O(2�) O(2�) O(2�) Q O(1�)

Spot extra
tion All 1� 1� 1� 1� Q 0.5� spot quality, elongation

Se
ond spot All 2� 2� 2� 2� L 1� �eld of view, re�e
tions

Fit a

ura
y C.C. 1� 1� 1� 4� Q 1� number of LEDs

Funnel-Di�usor C.C. 1.3� 2� >O(5�)? 4� Q O(2�) mounting of funnel plate

Sum systemati
 StarL,S 18� 4� 4� 7� Q 5�

Sum systemati
 C.C. 4� 4� 11� 7� Q 4�

Sum systemati
 Model 19� 6� 12� 9� Q 6�

Sum statisti
al StarL,S 8� 7� 13� 8� Q 5�

Sum statisti
al C.C 2� 2� 2� 4� Q 2�

Sum statisti
al Model 8� 7� 12� 9� Q 5�

Model a

ura
y ∼6� ∼6� ∼6� ∼6� number of pointing runs

Table 5.1: Contributions of individual error sour
es for Pre
ision Pointing. Statisti
al errors are written in itali
s.
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Figure 5.4: Steps in the 
reation of the Sky-Lid pointing model. The di�erent

modeling steps (2.-5.) for the residuals from a linear 
orrelation are shown

for the CT2 pointing data from January to O
tober 2006. The left and

right 
olumns refer to altitude and azimuth residuals, the upper images

show the altitude dependen
e of the residuals, the row below the azimuth

dependen
e, and below that row the temperature dependen
e with blue

and red points indi
ating data before or after the previous 
orre
tion steps.

The bottom row shows the remaining drift of the residuals in 2006, with

blue data points for un
orre
ted residuals and green points in
luding all


orre
tions.
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Figure 5.5: Temporal evolution in the Sky-Lid model in di�erent moon periods

of 2006. The �rst two histograms show the distribution of azimuth and

altitude residuals to the model within one pointing 
alibration period, the

lower two plots present the temporal development of the mean shifts in

2006.

83



5 Pre
ision Pointing

Figure 5.6: Stereos
opi
 observation.

5.3 Independent Test using Shower Images

To see the e�e
t of this improvement, independent pointing 
he
k pro
edures with a

better resolution than the method des
ribed in 
hapter 3.4 are needed. Stereos
opy

provides su
h an additional 
he
k of the pointing a

ura
y using a te
hnique des
ribed

in [Gil04℄. It is based on the geometri
al 
orrelation between relative teles
ope po-

sitions and the images seen of the same shower: the line 
onne
ting the 
entres of

gravity in the overlaid images of two teles
opes is parallel to the line 
onne
ting the

teles
ope lo
ations on the ground. This 
an be explained with the help of �gure 5.6:

First of all, assume that two teles
opes pointing to zenith observe the same verti-


al shower halfway between them. The ve
tor 
onne
ting the teles
opes

−→
t 12 
an be


hosen along the x-axis. Then the overlaid shower images would appear as ellipses

pointing toward ea
h other on the x-axis.

If the impa
t point of the shower axis is now moved along the y-axis, both shower im-
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Figure 5.7: Independent Test using Stereo Shower Images. The 
entres of grav-

ity of two Hillas ellipses imaging the same shower seen by CT1 and CT2

are superimposed and subtra
ted. The di�eren
e ve
tor has a non-zero


omponent parallel to the line 
onne
ting the two teles
opes that is in�u-

en
ed by the height of the shower in the atmosphere and a perpendi
ular


omponent that should in average be zero if the two 
ameras are 
orre
tly

superimposed. In this example, the average orthogonal distan
e is 8 ± 4�,
so not 
onsistent with zero.

ages would in
line towards the re
onstru
ted shower dire
tion, but be
ause they are

still at the same distan
e from the shower, the di�eren
e ve
tor

−→
d 12 between the 
en-

tres of gravity would 
ertainly remain parallel to

−→
t 12. The same is valid for di�erent

observation altitudes perpendi
ular to

−→
t 12.

The ve
tor

−→
d 12 
an be split into a 
omponent parallel and perpendi
ular to

−→
t 12. While

the length of the parallel 
omponent depends on the height of the observed shower,

a non-vanishing orthogonal 
omponent indi
ates an error in the assumed teles
ope

geometry. Depending on the sour
e of this error, the e�e
t varies with azimuth or

shows a 
onstant shift:

A 
onstant shift might arise from a wrong determination of

−→
t 12 and indi
ate that:

• both 
ameras are rotated by the same amount,

• the horizontal teles
ope position is wrong for one or both teles
opes and/or

• the array orientation relative to the geographi
 north is not determined 
orre
tly.

This method works only if averaged over the whole �eld of view, strong sour
es or

asymmetri
 wobble distributions may 
ause problems. A sele
tion of nearly aligned
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Figure 5.8: Comparison of stereo event deviation for di�erent pointing pro-


edures on the example of CT1-CT3 with all four-teles
ope runs from

2005 and 2006 that qualify for pre
ision pointing (1890 runs). The alti-

tude dependen
e of the parallel 
omponent of

−→
d 12 (right image) is not


hanged by the pointing pro
edure.

shower images redu
es the error due to di�erent image shapes. For the analysis be-

low, only events with less than 3

◦
angle between the re
onstru
ted shower axes were

sele
ted.

Table 5.2 presents the average o�sets of the verti
al 
omponent for the di�erent tele-

s
ope 
ombinations and pointing s
hemes. It 
an be seen that the Pre
ision Pointing

yields smaller deviations that be
ome 
onsistent with zero in all 
ases.

Standard Pointing Sky-Lid Pointing

CT1-CT2 1.9� ± 10� 1.8� ± 9�

CT1-CT3 -29.2� ± 14� -1.3� ± 15�

CT1-CT4 -9.4� ± 10� -2.3� ± 10�

CT2-CT3 -23.1� ± 10� -2.5� ± 10�

CT2-CT4 1.9� ± 14� 3.5� ± 14�

CT3-CT4 -11.2� ± 10� 3.6� ± 10�

Table 5.2: Average O�set. Average of all 1980 runs in 2005 / 2006 with CCD data

for all four teles
opes. The given error is the average error on the mean for

the values of individual runs.

However, the spread is not randomly distributed but shows a dependen
e on azimuth

as seen in �gure 5.8 that implies an error in the merging of the two 
amera images:

• the determination of the relative 
amera 
entres are in
orre
t and/or

• the relative teles
ope height between the two CTs is erroneous.
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Figure 5.9: In�uen
e of the teles
ope orientation on the orthogonal stereo

o�set demonstrated for two teles
ope 
on�gurations. When the teles
opes

are observing in a dire
tion perpendi
ular to

−→
t 12 (left image), d⊥ is deter-

mined by the verti
al 
omponent of the distan
e between the two 
amera


entres.

The �t parameter values of an azimuth dependen
e like

−→
d 12 = P0 + P1 ∗ sin(Az − P2) (5.2)

with o�set P0, amplitude P1 and phase P2 are given in table 5.3. It 
an be seen that

the 
onstant o�set is redu
ed signi�
antly by the new pointing s
heme, and that the

amplitude of the sinusoidal e�e
t is not redu
ed for all 
ombinations and even in
reases

in some 
ases.

The phase 
ontains information on the dire
tion of the o�set. A verti
al error in one


amera 
entre will have the largest in�uen
e on

−→
d 12 when the observation dire
tion is

perpendi
ular to

−→
t 12, only a horizontal error is relevant for parallel alignment (�gure

5.9). Therefore, with the knowledge of the azimuth at whi
h the teles
opes are aligned,

one 
an determine the relative horizontal and verti
al 
amera o�sets between them.

Table 5.4 shows the implied o�sets derived with this method.

There appears to be a problem with the 
amera 
entre of CT3, and sin
e no funnel

plate measurements (see se
tion 4.2.3) 
ould be performed on CT3, the error on the


amera o�set 
ould be larger than assumed. It is also possible, that the error does not

arise from a problem on the individual teles
ope, but rather the relation to the rest of

the array.

While the test still unveils signi�
ant dis
repan
ies for the relative 
amera 
entres,

espe
ially when CT3 is part of the studied pair, the average systemati
 o�set seen with

standard pointing is redu
ed by a fa
tor of three to �ve to below 4� when applying

the pre
ision pointing pro
edure.

To reliably 
he
k the in�uen
e of this problem on the �nal pointing a

ura
y, Cherenkov

data from strong point-like γ-ray sour
es with known position are used. An ideal 
an-

didate is the AGN PKS 2155-304, whi
h was observed by H.E.S.S. in several 
ampaigns
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CTs Standard Sky-Lid

Ampl. / � O�set / � Phase /

◦
Ampl. / � O�set / � Phase /

◦

1-2 13.8±0.2 2.7 ± 0.2 -77.0 ± 1.3 4.0± 0.2 -0.1 ± 0.2 -67.7± 4.2

1-3 29.4±0.4 -27.9± 0.3 -102.9 ± 0.8 36.2± 0.4 5.1 ± 0.3 -54.5± 0.7

1-4 -12.6±0.3 -29.0 ± 0.2 28.3 ± 1.0 32.0± 0.3 -2.0 ± 0.2 -102.0± 0.6

2-3 31.1±0.2 -12.4± 0.2 242.6 ± 0.3 37.9± 0.2 -0.3 ± 0.2 242.9± 0.3

2-4 -12.3±0.4 2.0 ± 0.3 49.0 ± 1.5 -13.4± 0.5 0.9 ± 0.2 -5.1± 1.4

3-4 -21.0±0.3 -13.5 ± 0.2 62.4 ± 0.8 27.0± 0.3 4.1 ± 0.2 12.3± 0.6

Table 5.3: Sine �t to azimuth dependen
e of o�set.

CTs Standard Sky-Lid

Az(

−→
t 12)/

◦ ∆hor / � ∆vert /� ∆hor / � ∆vert /�

1-2 -45.2 7.3 -11.7 1.0 -3.9

1-3 -89.9 6.7 -28.7 -21.0 -29.6

1-4 45.9 7.6 17.1 1.6 19.5

2-3 45.9 -3.6 12.1 17.5 26.8

2-4 -89.8 8.1 -9.2 13.4 1.2

3-4 -45.0 20.0 -6.3 -22.8 -14.6

Table 5.4: Relative di�eren
es of the 
amera 
entres

between 2004 and 2006. Detailed systemati
 tests have been performed on in�uen
es

on the position of this sour
e that 
an be found in the next 
hapter.
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6 Results for Gamma Ray sour
es

The previous 
hapters dis
ussed individual e�e
ts measured with the CCD 
ameras.

Now it remains to be shown that the 
laimed improvements a
tually have an e�e
t on

the position of a measured sour
e.

The analysis steps needed to determine the sour
e lo
ation are introdu
ed in the

�rst se
tion of this 
hapter. It is followed by a 
omparative analysis 
onsidering

several in�uen
es on the pointing a

ura
y and their impa
t on standard and pre
ision

pointing. In the �nal se
tion, the γ-ray signals for several sour
es are analysed using

the new pre
ision pointing algorithm. Following the main theme of this work, the

analysis 
on
entrates on the re
onstru
ted position of the sour
es.

6.1 Analysis Pro
edure

The important analysis steps used to 
ompute the measured sour
e lo
ations will be

given in this se
tion. The general pro
edure is presented in [Aha06e℄, only topi
s

with spe
ial relevan
e for pointing will be 
overed in more detail. A summary of

the additional requirements to enable the usage of pre
ision pointing will be given

in se
tion 6.1.1. Apart from the 
orre
t teles
ope orientation, two analysis steps are

needed to determine the lo
ation of a γ-ray sour
e from the re
orded shower images:

the re
onstru
tion of the arrival dire
tion for an individual γ-ray 
andidate and the


orre
t �t to the superposition of many events. These two topi
s will be dis
ussed in

se
tions 6.1.2 and 6.1.3, respe
tively.

6.1.1 Run Sele
tion

In 
ontrast to the standard pointing s
heme, pre
ision pointing requires the su

essful

operation of both CCD 
ameras during ea
h observation run. This 
ondition together

with not very stringent sanity 
he
ks introdu
es the following additional sele
tion


riteria:

• the run 
ontains at least �ve SkyCCD pi
tures showing stars.

• the run 
ontains at least �ve LidCCD pi
tures showing a minimum of seven

LEDs.
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es

• the spread of the azimuth or altitude 
orre
tion for the SkyCCD does not ex
eed

10� RMS.

• the spread of the 
amera 
entre does not ex
eed 3� RMS in the horizontal or 5�

RMS in the verti
al 
omponent.

For 
omparison, the following studies only use data that quali�es for the new approa
h.

Most tests will be done only with runs where all four teles
opes pass the 
uts. 103 of

the original 150 runs on PKS 2155-304 in 2005 and 2006 passing the regular sele
tion


uts for all teles
opes ful�ll this 
riterium. Most runs in this list were ex
luded by

the �rst 
ut, be
ause few possible guiding stars exist within the SkyCCD �eld of view

around the AGN. The fra
tion of 81% passing the SkyCCD 
ut e.g. in
reases to 98%

for the data on the X-Ray binary LS 5039 lo
ated in the Gala
ti
 plane.

Systemati
 in�uen
es are identi�ed by dividing the runlist into several sub-sets taken

under di�erent physi
al 
onditions. The events of these data sets are pro
essed with

the standard H.E.S.S. analysis pro
edure using a Hillas analysis with "standard 
uts"

and the "ring-ba
kground model" as des
ribed in [Aha06e℄.

6.1.2 Dire
tion Re
onstru
tion

To re
onstru
t the dire
tion of a shower in stereos
opi
 observation, the major axes

of shower images in multiple 
ameras are interse
ted (see �gure 6.1). An error of the

method 
an be 
al
ulated if more than two teles
opes dete
ted the shower and the

interse
tion point is over-determined. In this 
ase, the resulting interse
tion points are

weighted with the sine of the interse
tion angle to take into a

ount that maximum

pre
ision is a
hieved from perpendi
ular interse
tion lines. This method 
orresponds

to algorithm 1 in [HJK99℄.

Advan
ed dire
tion re
onstru
tion The paper also presents more advan
ed meth-

ods like algorithm 3 (also shown in �gure 6.1), whi
h uses the 
onne
tion of the shape

(expli
itly width/length) of the ellipse with the distan
e between the 
entroid of the

shower image and the image of the sour
e (distan
e d in �gure 6.1). For ea
h tele-

s
ope, error ellipses for the sour
e position are derived from Monte-Carlo simulations

and then 
ombined to lo
ate the sour
e. More information on the implementation of

this method 
an be found in [Ber06℄

Point Spread Fun
tion The apparent extension of a point sour
e, the point spread

fun
tion (PSF) of the experiment, depends on the zenith angle of the observation

and the o�set of the sour
e to the 
entre of the �eld of view. It is a measure for

the pre
ision of our knowledge on the dire
tion of individual γ-rays and determined

from Monte-Carlo simulations. The improved dire
tion re
onstru
tion of algorithm 3
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edure

also redu
es the size of the PSF. For the 
ase of the sele
ted runs on PKS 2155-304,

algorithm 3 o�ers a redu
tion of the 68% 
ontainment radius by 7% to 0.101

◦
.
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Figure 6.1: Di�erent dire
tion re
onstru
tion methods a

ording to [HJK99℄.

The left part of the image visualizes the 
onne
tion between the shower

and its image in the 
amera. The top right �gure illustrates the standard

re
onstru
tion pro
edure, the interse
tion of extended major axes. The

lower right �gure presents the te
hnique using the shape of the images. It

may sometimes be referred to as dire
tionmaker -pro
edure (DM) following

the implementation nomen
lature within the H.E.S.S. analysis framework.
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Figure 6.2: Sour
e Fit: on the left, the 
entral region of the γ-ray ex
ess map of

PKS 2155-304 and 
ontours of the �tted two-dimensional PSF are shown,

the right image shows the distribution of events as fun
tion of the squared

angular distan
e from the �tted sour
e position (θ2
). The �t mat
hes the

data and the simulated PSF for the assumed spe
tral index of 3.3.

6.1.3 Sour
e Fitting Routine

Various methods are implemented to determine the sour
e position from the arrival

dire
tions of all events in a set of runs. In general, one 
an either �t the histogram


ontaining all events and make an assumption on the shape of the ba
kground or �t

the un
orrelated ex
ess map, a �ne-binned histogram 
ontaining ex
ess γ-ray events

after bin-wise ba
kground subtra
tion (see �gure 6.2).

The latter 
annot be �tted with a log-likelihood pro
edure, be
ause due to the ba
k-

ground subtra
tion, its errors do not follow Poisson statisti
s whi
h is assumed by this

�tting routine. Therefore the originally un
orrelated ex
ess map has to be rebinned

until signal bins 
ontain enough events to perform a 
hi-squared �t.

The statisti
al a

ura
y of point sour
e lo
ations is given by the limited angular reso-

lution of the experiment (PSF) and the available γ-ray statisti
s. Figure 6.3 shows the
expe
ted position error as a fun
tion of the signi�
an
e of the γ-ray ex
ess. The �gure

an be read to show the range of signi�
an
es for whi
h the overall error is dominated

by the error of the �t. Point sour
es up to signi�
an
es around 50 are therefore not

dominated by the pointing error.

In the following, the data are �t with the two-Gaussian pro�le re�e
ting the angular

resolution for a given distribution of zenith angles and o�sets.
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Figure 6.3: Sour
e Fit lo
ation error. Preliminary (!) plot showing the statisti
al

error due to the sour
e �t to the PSF vs. signi�
an
e of the signal for

standard 
uts (left) and hard 
uts (right). Hard 
uts sele
t events with

higher energy, and the improved dire
tion re
onstru
tion redu
es the 
or-

responding width of the PSF. Di�erent 
oloured data points 
orrespond to

di�erent absolute ba
kground values.

6.2 In�uen
es on the Position of the Signal from

PKS 2155-304

A dire
t 
omparison between the performan
e of the two pointing approa
hes pre-

sented in 
hapters 3 and 5 will be given to support the previous statements on the

improved a

ura
y of the new model and to identify remaining problems. Figure 6.4

shows the deviation of the re
onstru
ted sour
e lo
ation from the known position of

PKS 2155-304

1

in right as
ension and de
lination for standard and pre
ision pointing

(bla
k / red) as well as two di�erent run sele
tions. For this image, algorithm 1 was

used to determine the shower dire
tion. It 
an be seen that using pre
ision point-

ing the o�set of about 15� in de
lination with standard pointing is eliminated. With

pre
ision pointing, the target position agrees with the re
onstru
ted sour
e position

within the stated systemati
 error of 6�.

The strong signal is not sensitive to reasonable 
hanges of the binning or �t-range,

but the "divide et impera"- te
hnique used below to determine systemati
 in�uen
es

results in data-sets with mu
h smaller statisti
s, where these fa
tors may be
ome

important.

The small di�eren
e between the results for runs where all four teles
opes qualify for

pre
ision pointing and the data set in
luding all possible observations in �gure 6.4

1(21h58m52.06515RA/ − 30◦13′32.118′′Dec)[CDS07℄ or (329.7169◦/ − 30.2256◦)
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Figure 6.4: Comparison of the two pointing approa
hes with the standard di-

re
tion re
onstru
tion. The di�eren
e between the re
onstru
ted sour
e

lo
ation and the position of PKS 2155-304 is shown (�t position - target

position). Solid symbols indi
ate that the analysis was performed with

runs where all four teles
opes passed pre
ision pointing 
riteria. Ea
h

point 
ombines the dire
tion of about 18 000 ex
ess events. Open symbols

mark the lo
ation derived from all runs, but ignoring individual teles
opes

that did not qualify for pre
ision pointing in the analysis (about 22 000

ex
ess events). A �t area of 1

◦
diameter 
entered on the target position

and a bin size of 0.05

◦
were 
hosen for the �t of the ex
ess map. The error

bars represent the statisti
al error of the �t.

indi
ates a possible problem with the in�uen
es of individual teles
opes. This will be

dis
ussed in the following 
hapter.

6.2.1 Individual Teles
opes

Some of the error sour
es only a�e
ted one or two of the four teles
opes. Therefore

it is interesting to know if the re
onstru
ted sour
e position 
hanges when a presum-

ably problemati
 teles
ope is ex
luded from the analysis. The in�uen
e of individual

teles
opes depends on the observation position for non-zero zenith angles, be
ause the

array is e�e
tively 
ontra
ted by perspe
tive and di�erent teles
opes gain di�erent

trigger probabilities and weights in the re
onstru
tion.
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Figure 6.5: In�uen
e of individual teles
opes. One teles
ope at a time was arti-

�
ially removed from the analysis of the same four-teles
ope runlist. The

left image shows the 
omparison of the di�erent re
onstru
ted positions for

standard pointing, the right image is the 
orresponding plot for pre
ision

pointing.

It 
an be seen in �gure 6.5 that for both pointing methods the ex
lusion of one teles
ope

yields a slightly di�erent position.

The di�eren
e 
aused by the ex
lusion of individual teles
opes 
reates an additional

systemati
 error when runs with less than four teles
opes passing the sele
tion 
uts

are in
luded in the analysis. For the analysed data on PKS 2155-304, 47% of the

additional runs were pro
essed without CT1 only, whi
h explains the shift mentioned

in the last 
hapter as a shift toward the position of the data point without CT1 in

�gure 6.5.

The improved dire
tion re
onstru
tion of algorithm 3 is expe
ted to show a better be-

haviour in this regard, be
ause the di�erent relative proje
ted distan
es are a

ounted

for. Figure 6.6 repeats the test for this method showing a 
lear improvement. For

the standard pointing method it 
an be seen that the largest in�uen
e indeed 
omes

from CT3, as was expe
ted from the systemati
 error. The 
ombination of pre
ision

pointing and the improved dire
tion re
onstru
tion yields a perfe
t agreement between

the measured γ-ray sour
e and the lo
ation of PKS 2155-304 within statisti
al errors

(1.4�±2.1�/1.1�±1.8�). For the rest of this analysis, algorithm 3 will be used.

6.2.2 Wobble O�sets

The data set was divided into the four Wobble dire
tions (positive or negative 0.5

◦

o�sets in Right As
ension (RA) or De
lination (De
)), whi
h yields information on
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Figure 6.6: In�uen
e of individual teles
opes with enhan
ed dire
tion re
on-

stru
tion: results of the test shown in �gure 6.5, now using algorithm 3.

those systemati
s sensitive to di�erent regions of the sky. The o�set 
hanges between

subsequent runs, therefore the data sets are to �rst order distributed homogeneously

in time and observation dire
tion.

The four sub-set data points for pre
ision pointing in �gure 6.7 are not 
ompletely


oin
ident with ea
h other, but agree within their given statisti
al errors. This 
on�rms

that no major mistakes are made in the identi�
ation of the stars in a given �eld of

view. The larger pointing error seen for the positive RA Wobble dire
tion is 
aused by

the relatively void region of the sky for this observation position, whi
h 
auses a large

fra
tion of the runs to fail the pointing sele
tion 
riteria for at least one teles
ope,

thus giving a larger statisti
al error. The similarity of the behaviour in standard and

pre
ision pointing proves that the di�eren
e is not introdu
ed by a faulty identi�
ation

of an observed guiding star or its position determination.

6.2.3 Teles
ope Orientation

Many presented errors were in�uen
ed by teles
ope orientation. Ina

ura
ies of the

model 
ould be visible as di�erent re
onstru
ted positions depending on azimuth and

altitude of the observation.

Sin
e the path of the sour
e on the sky does not vary mu
h within an observation


ampaign, divisions in altitude and azimuth are 
orrelated. Four altitude regions were


hosen in the eastern and western hemisphere, hen
e following the rising or setting

sour
e. The observation poli
y of H.E.S.S. favours smaller zenith angles, therefore the

number of events for the lower altitudes is small.
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Figure 6.7: The re
onstru
ted sour
e lo
ations for runs taken with di�erent

Wobble O�sets as well as the overall dataset are presented for standard

(left) and pre
ision pointing (right). The error bars indi
ate statisti
al

errors only. Ex
ess gamma events 
ontained in the individual subsets: 985

(RA+), 6053 (RA-), 3850 (De
+), 5974 (De
-), 16868 (All). or signi�-


an
es 37 (RA+), 125 (RA-), 90 (De
+), 118 (De
-), 195 (All).

Figure 6.8 shows the sour
e positions for runs pointing in di�erent regions of the sky.

The wide spread of the data points within the standard pointing s
heme is redu
ed by

the Sky-Lid approa
h, but not all points are 
oin
ident within their statisti
al errors,

espe
ially lower altitude observations of rising sour
es in the east appear systemati
ally

lower in de
lination.

The possible splitting between east and west observations 
ould be related to the

azimuth dependent superposition problems seen in 
hapter 5.3.

6.2.4 Atmospheri
 Conditions

In 
hapter 4, two major e�e
ts depended on atmospheri
 
onditions: refra
tion and

thermal expansion. The most important atmospheri
 parameter - the temperature -

is a parameter of the new pointing s
heme and should be 
orre
ted.

Figure 6.9 shows the re
onstru
ted positions for subsets taken in di�erent temperature

bands. For standard pointing, the individual data points are not 
ompatible within 1-

σ errors. As expe
ted, the spread of the data points is redu
ed for pre
ision pointing,

but a di�eren
e between the 
oldest and warmest nights 
an not be ex
luded. A

di�eren
e 
ould be explained by a temperature dependent error in the identi�
ation

of the 
amera 
entre from the LEDs and the di�eren
e in refra
tion between starlight

and Cherenkov light.
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Figure 6.8: Di�erent Teles
ope Orientations: the runs were divided a
-


ording to their average azimuth (east-west) and altitude. The pre-

sented altitude bands are "medium"(30

◦
<alt<50

◦
),"high"(50

◦
<alt<70

◦
)

and "top"(alt>70

◦
)

6.2.5 Time Evolution

PKS 2155-304 is a highly variable sour
e, therefore dividing the data set into inter-

vals 
overing equal time periods produ
es points with very di�erent statisti
al signi�-


an
e.

For the standard model, time dependent errors 
ould indu
e an apparent movement

of the sour
e. A time dependen
e of the pointing model on the times
ales needed to

in
lude enough statisti
s is not a large issue for pre
ision pointing.

With an average temperature of 17.6

◦
C (for 
omparison: average in 2006: 6.6

◦
C) at

least part of the shift 
ould arise from the previously dis
ussed temperature depen-

den
e. Also, all runs in 2005 have been taken in a narrow azimuth interval, therefore

the e�e
t 
ould again be 
aused by the problems seen in 
hapter 5.3. The fa
t that the

pra
ti
ally ba
kground free �are period does not show any o�set 
ould also indi
ate a

problem with the ba
kground.
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Figure 6.9: The re
onstru
ted sour
e lo
ations for runs taken with di�erent

Temperatures as well as the overall dataset are presented for standard

(left) and pre
ision pointing (right).
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Figure 6.10: The re
onstru
ted sour
e lo
ations for runs taken in di�erent

Time periods
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ations
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Figure 6.11: Point Sour
es observed with H.E.S.S.

6.3 Point Sour
e Lo
ations

The 
ombination of algorithm 3 for the dire
tion re
onstru
tion and Pre
ision pointing


an determine the lo
ation of a γ-ray sour
e with high a

ura
y for a large set of runs.
H.E.S.S. observed several point sour
es su�
iently long in 2005 and 2006 to extra
t a

position using the pre
ision pointing algorithm. A small preliminary ensemble study

of the re
onstru
ted signal positions of those point sour
es observed with H.E.S.S. is

shown in �gure 6.11.

In addition to PKS2155-304[Aha05
℄, it in
ludes the a
tive galaxies PKS 2005-489[Aha05b℄,

Markarian 421 [Aha05d℄, M 87 [Aha06
℄ and the high mass X-ray binary LS 5039

[Aha05a℄. More information on the VHE signal from those sour
es 
an be found in

the 
ited papers of the H.E.S.S. 
ollaboration.

All six sour
e lo
ations are 
onsistent with the 
oordinates of their 
ounterparts from

[CDS07℄. This demonstrates that the pointing behaviour of the H.E.S.S. teles
opes

is well understood and that the experiment is 
apable to determine the lo
ation of a

γ-ray sour
e with a systemati
 error of 6�. Of 
ourse, ea
h sour
e should be tested in

more detail for systemati
al problems.
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7 Summary

This work presents detailed systemati
 studies to understand the pointing of the

H.E.S.S. instrument. A 
omprehensive set of measurements was performed to 
hara
-

terise the me
hani
al behaviour of the teles
ope stru
ture and understand its long-term

behaviour. A 
riti
al point in the analysis was the 
orre
t estimation of systemati


errors arising from the analysis of CCD data.

The standard pointing pro
edure in H.E.S.S. using referen
e runs on stars is presented.

The lo
ation of the star relative to the pixel matrix of the Cherenkov 
amera is re
orded

by a CCD 
amera and modeled to predi
t the dislo
ation for a given observation

dire
tion. The systemati
 error of this standard pro
edure is derived and an alternative

approa
h is introdu
ed that uses CCD images taken in parallel with the Cherenkov

data. It was shown that this method redu
es the systemati
 pointing error of the

experiment to 6�, whi
h is the best pointing a

ura
y so far in the �eld of ground

based γ-ray astronomy.

The validity of the given systemati
 error is tested on point sour
es of known position

and dependen
ies of the sour
e lo
ation on physi
al 
onditions are dis
ussed. This

new pointing pro
edure will be useful to identify γ-ray sour
es in regions with more

than one possible 
ounterpart like the Gala
ti
 Centre region.
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A Obtaining a Power-Law

Spe
trum

The following dedu
tion of a power-law spe
trum in energy from basi
 assumptions on

the nature of the a

eleration 
an be found in [KKZ97℄. A parti
le with initial energy

E0 gains energy in several a

eleration steps. If the gained energy ∆E is proportional

to its energy (∆E = ǫE), after n steps it will 
arry

En = E0(1 + ǫ)n
(A.1)

Therefore,

n =
ln ( E

E0

)

ln (1 + e)
(A.2)

steps are ne
essary to rea
h energy E.

If Pe is the es
ape probability in ea
h a

eleration step, the probability to remain

in the a

eleration pro
ess after n steps is (1-Pe)
n
. This yields a fra
tion of N(>E)

parti
les with an energy above E a

ording to

N(> E) ∼
∞∑

m=n

(1 − Pe)
m =

(1 − Pe)
n

Pe

(A.3)

Using equation A.2, one gets the power law distribution for parti
le numbers

N(> E) ∼
1

Pe

(
E

E0

)−γ
(A.4)

with

γ =
ln( 1

1−Pe

)

ln(1 + ǫ)
(A.5)
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B Fo
using the LidCCD-Cameras

Due to the large aperture of the LidCCD, the manual fo
using of a LidCCD 
amera


an be a time-
onsuming pro
ess, and relying on the personal impression of sharpness

is obviously not the ideal method to de
ide on the fo
us of the image. Tools have been

implemented to

• make a qui
k 
omparison between images taken under identi
al lighting 
ondi-

tions: the program returns the largest intensity di�eren
e between neighbouring

pixels.

• quantitatively determine the sharpness of an image (�gure B.1): a pattern of

bla
k and white stripes is atta
hed to the lid and imaged in the LidCCD. The

intensity values along sli
es 
overing a transition between bla
k and white areas

are �tted with a Fermi-type fun
tion like

I(x) = A + B ∗
1

1 + e (x−x0)/∆
. (B.1)

The se
ond te
hnique was used to 
ompute the values of ∆ in equation B.1 for di�erent

regions on the CCD 
hip of the four LidCCDs (�gure B.2). The values for ∆ in the


entral region of the CTs are between 0.63 pixels (CT4) and 0.83 pixels (CT4).

They 
an be 
onverted into an RMS to disentangle the fo
using of the CCD 
amera

from the PSF of the teles
ope. The intrinsi
 PSF of CCD 
amera and lens ranges

from 1.1 to 1.4 CCD pixels.

Figure B.1: Image sharpness determined for two example images.
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B Fo
using the LidCCD-Cameras

Figure B.2: Image sharpness on CCD 
hip. The values of ∆ are determined at

di�erent lo
ations on the CCD 
hip. CT1 and CT3 show a strong position

dependen
e of the fo
us.
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C Additional Information about the

CCD-Cameras

The di�erent rotations of the eight CCD 
ameras may 
ause some 
onfusion when a

user wants to interpret the CCD images dire
tly without the transformations imple-

mented in H.E.S.S.. Therefore sample images for ea
h CCD type and CT (for the

LidCCD see �gure C.1, for the SkyCCD �gure C.2) have been 
reated as they would

be seen in a �ts viewing software like fv or ds9. The orientation of a regular Alt-Az


oordinate system in the image is shown.

CCD Data are read out via parallel port to a 
omputer in the ele
troni
s hut on the

teles
ope for both 
ameras, but the SkyCCD data are ampli�ed by a "remote boost

unit" in the dish. This allows one to transfer SkyCCD data at the regular speed,

while the re
eption of LidCCD data is slowed down arti�
ially to avoid data 
onfusion


aused by dispersion in the 45 m long 
ables. The readout time of a full-frame image is

less than two se
onds allowing to measure short term variations. Sin
e the 
orre
tions

do not su�er extreme �u
tuations in time, CCD exposures are not taken at the full

rate to optimally use the limited lifetime of CCD shutters.
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C Additional Information about the CCD-Cameras

Figure C.1: LidCCD Orientation .
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Figure C.2: SkyCCD Orientation .
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C Additional Information about the CCD-Cameras

Figure C.3: LED Notations .
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D Close look on hysteresis

As mentioned in 
hapter 4.1.4, inelasti
 deformations have been seen on the teles
ope

CT1. The extensive investigations performed to �nd the 
ause for this problem and

additional information on the 
omparison to the other teles
opes (see �gure D.1) are

dis
ussed here.

The following 
omponents are possible 
andidates for inelasti
 deformations. Some of

them 
an easily be ruled out.

• positioning LED di�usors: all LEDs move sy
honeously, therefore it is not 
aused

by faulty di�usors or re�e
tions.

• 
amera support masts: SkyCCD and LidCCD are a�e
ted in the same manner,

so it is not 
aused by the masts.

• LidCCD mount: lasers atta
hed to the LidCCD proved that the 
amera is �xed

to the 
entral hub. Hen
e it 
annot be explained by a mere tilting of the CCD


amera (see �gure D.2).

• 
amera lo
k: the bolt se
uring the 
amera in the shelter exerts a for
e on the

masts, that 
ould 
ause the deformations. It was shown that no di�eren
e in

parking in with or without 
losing the lo
k exist, so the lo
k is not the reason

for the deformations (�gure D.3).

• mirrors/mirror support stru
ture: di�eren
es in the width of the re�e
ted star

show that the mirror support stru
ture is a�e
ted. Sin
e it is also seen in the

SkyCCD and the 
amera 
entre, the mirror segments 
an't be the origin.

The park-in reset starts approximately at the horizon and in
reases gradually to the

observed value. The stars follow a 
ombination of two e�e
ts, one 
hanges on the

times
ales of minutes, the other remains stable for hours, the short term e�e
t is seen

in all CTs and is not 
aused by the mirrors, be
ause it is also seen in the SkyCCD.

The 
onsequen
es of this star movement will be dis
ussed in the following se
tion.
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D Close look on hysteresis

Figure D.1: Comparison of the Development of the Hysteresis Magnitude

for all CTs between June 2005 and August 2006. Similar to �gure 4.8, the


amera 
entres measured in pointing and observation runs were divided

a

ording to the maximum altitude previously observed in that night. Dif-

ferent histograms were �lled with the deviation from the expe
ted bending


urve for measurements where the teles
ope has been above 80

◦
or stayed

below 50

◦
, until ea
h 
ontained at least 20 values. The means of those

histograms were subtra
ted and plotted vs. run number. The in
reasing

split in CT1 and the di�erent dire
tion of the e�e
t in CT2 
an be seen.
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Figure D.2: Lasers were atta
hed to the LidCCD and the 
entral hub to

investigate the stability of the LidCCD mount. The hysteresis test mea-

surements show no movement of the laser spots 
omparable to those of

the 
amera 
entre (CC). In addition, no signi�
ant di�eren
e between the

lasers mounted dire
tly on the stru
ture holding the lens of the LidCCD

(blue) and those mounted on the 
entral hub 
ould be seen. This 
on�rms

the stable 
onne
tion between LidCCD and 
entral hub.

Figure D.3: The in�uen
e of the 
amera lo
k was investigated by a series of test

runs. The �gure shows that no di�eren
e exists between parking in with

(denoted as P) or without 
losing the lo
k (marked as Px)
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D Close look on hysteresis

time / h
19.85 19.9 19.95 20 20.05 20.1 20.15 20.2

R
M

S
 /

 m
ra

d

0.28

0.3

0.32

0.34

0.36

0.38

0.4

0.42

0.44

0.46

0.48

RMS Azimuth

RMS Altitude

Alt 85 deg Park In

Figure D.4: Star width in hysteresis test runs at a star around 20

◦
altitude. The

shape of the 
entral re�e
ted star on the lid is in�uen
ed by the previ-

ous orientation of the teles
ope. The verti
al (altitude) width remains

un
hanged, while the horizontal (azimuth) RMS, that is more a�e
ted

by dish deformation, shows steps similar to the other observables. The

spot is smaller after the teles
ope pointed to high altitudes, whi
h 
an be

explained by the fa
t that the mirror alignment was performed at higher

altitudes.
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Impli
ations for pre
ision pointing

Figure D.5: The in�uen
e of CCD/dish hysteresis on pre
ision pointing is

demonstrated. Sin
e movements of star images are assumed to go in

di�erent dire
tions in the two CCD 
ameras, parallel e�e
ts add up.

The observed inelasti
 behaviour of the masts and 
amera 
entre is insigni�
ant for

the pre
ision pointing approa
h. Yet, smaller 
hanges have also been observed for

the guiding stars in the Sky- and LidCCD. A

ording to Fig. D.5, the e�e
ts in the

two 
ameras do not 
an
el out, but add for the pre
ision pointing method. Figure

D.6 shows the apparent movements of the star images on the lid and in the SkyCCD

being a superposition of the two e�e
ts mentioned above: the short-term movements

in opposite dire
tions and the long-term steps in a 
ommon dire
tion that follow the

hysteresis of the 
amera 
entre.

To visualise the remaining e�e
t on pre
ision pointing, the two deviations are added

(sign 
hange due to mirrors). Fig. D.6 shows a step of 15� for CT1. A similar behaviour

with an amplitude of 6� 
an be seen for CT4, the other two teles
opes show less

signi�
ant steps of below 2�.

The short term e�e
t behaves like a misorientation of the whole teles
ope (that is

not seen in the shaft en
oder information) and is therefore 
orre
ted in pre
ision

pointing.
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D Close look on hysteresis

Figure D.6: The star movement in hysteresis test runs of the star position in

the SkyCCD (green) and the re�e
ted star in the LidCCD (blue) is a 
om-

bination of a general long-term e�e
t similar to the 
amera 
entre and a

movement on the s
ale of minutes (positive values indi
ate higher alti-

tudes, the normalisation is arbitrary). The 
orrelation between the move-

ments in both 
ameras is shown in the right �gure, where the deviation

in the LidCCD is dedu
ted from the SkyCCD di�eren
e. The remaining

step of about 15� at about 30

◦
altitude in�uen
es pre
ision pointing (here


alled "SkyLid Pointing").
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