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Zusammenfassung

Die Quantenchromodynamik (QCD) konfrontiert die Physiker mit überraschenden Fragen.
Nachdem Experimente bestätigen konnten, dass die CP-Symmetrie in der elektroschwachen
Theorie, nämlich beim Zerfall des neutralen Kaons, verletzt ist, wurde dies auch von der
QCD erwartet. Aber bis heute gibt es dafür keine experimentelle Bestätigung. Verbunden
mit diesem sogenannten CP-Problem ist ein (noch) hypothetisches Teilchen: das Axion.
Falls es existiert, könnten Axionen sowohl im frühen Universum entstanden sein als auch
noch heutzutage im Kern von Sternen wie unserer Sonne produziert werden. Reliktaxionen
aus dem frühen Universum sind ein vielversprechender Kandidat für die Dunkle Materie,
die 20-30% der Dichte unseres Universums ausmacht.

Nachdem mit Hilfe der Astrophysik und der Kosmologie der Massenbereich, in dem
Axionen existieren können, auf ein Fenster von µeV bis zu einigen zehn meV eingeschränkt
werden konnte, haben mehrere Experimente versucht, Axionen nachzuweisen. Verschiedene
Methoden wurden auf der Jagd nach dem Axion angewendet; die meisten machen sich den
sogenannten Primakoff-Effekt zunutze, der eine Umwandlung von Axionen zu Photonen in
Gegenwart von starken elektromagnetischen Feldern ermöglicht. Diesen Effekt nutzen zum
Beispiel die Helioskope zum Nachweis von Axionen, die in unserer Sonne produziert werden.

Das CERN Axion Solar Telescope (CAST) der Europäischen Organisation für Kern-
forschung CERN (Conseil Européen pour la Recherche Nucléaire) in Genf ist eines dieser
Helioskope. Es benutzt einen Prototypmagneten des neuen Beschleunigers und Speicher-
rings am CERN (Large Hadron Collider, LHC). Der supraleitende Magnet ist auf einer be-
weglichen Plattform befestigt und kann somit der Sonne jeden Tag für etwa 2×90 Minuten
folgen.
Das Experiment verfügt über drei verschiedenen Röntgendetektoren: eine Zeitprojektions-
kammer (Time Projection Chamber, TPC), einen MICROMEGAS-Detektor (MICROMEsh
GAseous Structure) und einen CCD-Detektor (Charge Coupled Device). Mit jedem De-
tektor versucht man entweder morgens oder abends (je nach Position am Experiment)
Photonen, die aus dem Primakoff-Effekt resultieren, nachzuweisen.

Da die meisten Axionen im Kern der Sonne (10-20% des Sonnendurchmessers) pro-
duziert werden, ist eine hohe Präzision der Nachführung des Magneten unerläßlich. Eine
speziell dafür entwickelte Software (Tracking Mode) steuert den über 40 Tonnen schweren
Aufbau derart, dass er der wahren Position der Sonne so exakt wie möglich folgt. Die
Abweichung soll zu jeder Zeit weniger als 0.02◦ betragen.
Zweimal im Jahr ist eine optische Überprüfung des solaren Trackings möglich, indem man
die Sonne durch ein Fenster beim Experiment direkt beobachtet. Dazu wird eine Kamera
parallel zur Magnetachse ausrichtet und die Sonne während der Nachführung gefilmt. Ein
zusätzliches Programm (Filming Mode) berechnet die Refraktion der Photonen in der Erd-
atmosphäre und richtet den Magneten auf die scheinbaren Koordinaten der Sonne aus.



Diese Arbeit beschreibt die Verbesserung eines existierenden Systems für das Filmen
der Sonne mit dem Ziel, die Präzision der optischen Überprüfung des solaren Trackings so
zu erhöhen, dass sie der Genauigkeit des Nachführens entspricht und somit beweiskräftige
Aussagen möglich werden, ob und wie genau der CAST-Magnet auf das Zentrum der Sonne
gerichtet ist.

Im März 2005 wurde ein neuer Aufbau getestet und erste Aufnahmen der Sonne gemacht.
Die Auflösung der verwendeten CCD-Kamera war wesentlich höher als die der bis dahin
benutzten Webcam. Für September 2005 wurde zusätzlich ein stabilerer und gleichzeitig
flexiblerer Aufbau verwendet. Die Stabilität war erforderlich, um Vibrationen zu dämpfen,
während die Beweglichkeit die Ausrichtung des Aufbaus mit der Magnetachse vereinfacht.
Nicht nur der Aufbau, sondern auch die Analyse der Bilder wurde für Herbst 2005 verbessert
und weitgehend automatisiert.

Die Analyse der erhaltenen Daten im Frühjahr ergab, dass der Magnet im Rahmen
einer Genauigkeit der Ordnung 0.03◦ auf den Kern der Sonne zeigte. Dabei betrug die
Abweichung der Magnetausrichtung vom Sonnenzentrum in x- und y-Richtung (gewählt in
Richtung der Sonnenbewegung):

x̄Spring 2005 = −0.018◦ ± 0.002◦(stat.) ± 0.026◦(syst.),

ȳSpring 2005 = −0.020◦ ± 0.001◦(stat.) ± 0.028◦(syst.).

Für September 2005 wurde die Präzision weiter verbessert und die Sonne konnte erneut
gefilmt werden. Auch diese Bilder ergaben, dass der CAST-Magnet mit einer Genauigkeit
von nun bis zu 0.02◦ auf das solare Zentrum ausgerichtet war. Diese Genauigkeit entspricht
der Präzision, die für die Nachführung des Magneten gefordert wird. Die Abweichungen
der Magnetausrichtung vom Sonnenzentrum für die ersten beiden Tage des Filmens im
September waren in x- und y-Richtung:

x̄23.9.05 = −0.026◦ ± 0.001◦(stat.) ± 0.080◦(syst.),

ȳ23.9.05 = −0.011◦ ± 0.001◦(stat.) ± 0.027◦(syst.);

x̄24.9.05 = −0.020◦ ± 0.001◦(stat.) ± 0.030◦(syst.),

ȳ24.9.05 = −0.027◦ ± 0.001◦(stat.) ± 0.023◦(syst.).

Für den dritten Tag mussten mehrere Bilder überlagert werden, weil Äste eine freie Sicht
auf die Sonne verhinderten. Das Ergebnis dieser Analyse läßt sich zusammenfassen als:

x28.9.05 = −0.014◦ ± 0.019◦(syst.),

y28.9.05 = −0.004◦ ± 0.019◦(syst.).

Somit ist der CAST-Magnet innerhalb der Präzision des Filmens, die vergleichbar mit
der Genauigkeit der Nachführung ist, auf den Sonnenmittelpunkt ausgerichtet. Allerdings
deuten alle Daten darauf hin, dass der Magnet etwas zu hoch und zu weit nach rechts
zeigt, und somit der Sonne um ungefähr 10 s im Tracking voraus ist. Diese Diskrepanz der
Ordnung 0.02◦ liegt jedoch innerhalb der Fehler des Filmens.
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Chapter 1

Introduction

In physics, you don’t have to go around making trouble for yourself - nature
does it for you.

Frank Wilczek, Winner of the Nobel Prize in Physics 2004.

Quantum Chromodynamics (QCD), the theory of strong interactions, confronts physicists
with puzzling questions. This theory is expected to violate the so-called Charge-Parity-
Symmetry (CP-Symmetry). For physical laws, C-Symmetry is a symmetry under charge-
conjugation transformation, while P-Symmetry refers to parity transformations. A combi-
nation of both was initially expected to be conserved, but it was found to be violated in the
Kaon decay [1]. Thus the electroweak theory violates CP-Symmetry, and also QCD was
expected to do so, but up to now no experiment was able to observe the non-conservation
of the CP-Symmetry in QCD. This so-called CP-Problem is where the axion, a still hypo-
thetical particle, comes into play:
R. Peccei and H. Quinn formulated a solution to explain CP-conservation by introducing an
additional symmetry, the Peccei-Quinn-Symmetry. When it is spontaneously broken, the
resulting particle is an axion, which obtained its name by F. Wilczek, who always thought,
probably with a smile, that this name - originally a washing powder brand - sounded like
a great name for an elementary particle [2].

If they exist, axions could have been created in the very early universe. But they can
as well originate from cores of stars like our Sun nowadays. As survivors produced after
the Big Bang, they are a promising candidate to contribute to the Dark Matter, which
accounts for 20-30% of the density of the universe.
In order to prove or rule out the existence of the axion, several constraints from astrophysics
and cosmology have been applied. Like this, the mass range, in which axions are still likely
to exist, could be narrowed down to a window reaching from µeV up to some meV. In several
experiments, it has been attempted to detect axions in and close to the remaining mass
regions. Different methods have been applied in the quest for the postulated particle. Most
of them, however, make use of the so-called Primakoff effect, which allows for a conversion

1



2 CHAPTER 1. INTRODUCTION

of axions into photons in the presence of a strong electromagnetic field. One possible kind
of experiment employing this effect are the helioscopes, waiting for axions produced in the
closest axion source available: the core of the Sun.

The CERN Axion Solar Telescope (CAST) of the European Organization for Nuclear
Research CERN (Conseil Européen pour la Recherche Nucléaire) in Geneva, Switzerland,
is one of these helioscopes. It utilizes a prototype of the Large Hadron Collider (LHC)
magnets with a length of 9.26 m and a magnetic field of up to 9 T. Since it is mounted on a
movable platform, the CAST magnet is able to follow the Sun for about 90 minutes during
sunrise and sunset each day.
In this experiment three different X-ray detectors are used. A Time Projection Chamber
(TPC) is waiting for the appearance of photons from axion-to-photon conversion arriving
during sunset, while in the morning a MICROMEGAS (MICROMEsh GAseous Structure)
detector and a Charge Coupled Device (CCD) are used to prove the appearance of an axion
by detecting an X-ray photon. Between the magnet and the CCD, an X-ray focussing device
is installed. It was originally designed for the German X-ray satellite mission ABRIXAS
and it is able to improve the signal-to-background ratio by a factor of about 200.
Since most of the axions produced inside the Sun are expected to emerge from its core, a
high precision of the solar tracking is essential. A software, especially designed to guide
the magnet to follow the Sun with a deviation of less than 0.02◦ at any time of tracking, is
used to accomplish this.
Twice a year, it is possible to observe directly the Sun through a window in the experi-
mental area and thus perform an optical crosscheck of the tracking system. By using a
camera aligned with the magnet axis and an additional routine of the tracking software,
the so-called filming mode, the Sun can be filmed during tracking. The filming mode pro-
gram calculates the refraction of photons coming from the Sun in the atmosphere of the
Earth and adds the necessary correction to the usual tracking coordinates, thus directing
the magnet to point at the apparent position of the Sun.

This work describes the improvement of the system for the solar filming in order to
reach a precision of this optical crosscheck, which is of the order of the tracking accuracy,
such that conclusive statements can be provided on whether and how exactly CAST is
actually pointing to the Sun.
Chapter 2 will provide an introduction to general axion theory, including the theoretical
background of its postulation, properties axions are supposed to have, the limits that can
be put on its mass and coupling constant by astrophysics and cosmology as well as possible
ways to detect the postulated particles. In Chapter 3, a closer look at axions coming from
the Sun and their detection in magnetic fields will be taken. Following this, the CAST
experiment is presented in more detail in Chapter 4. The improvements of the system to
film the Sun as well as its first application in Spring 2005 and the analysis of the obtained
images of the Sun can be found in Chapter 5. After this first filming, a further enhanced
filming setup was applied again in Fall 2005. Chapter 6 provides all necessary information
on this optical crosscheck of the tracking system in September. Finally, in Chapter 7, the
results are compiled and a brief outlook is provided.



Chapter 2

The Axion

In order to provide an overview on general axion physics, this chapter will introduce the
problems of Quantum Chromodynamics which led to the postulation of the axion. Secondly,
the properties of this hypothetical particle will be discussed and different axion models will
be presented. Furthermore, cosmological and astrophysical considerations, which are able
to narrow the mass ranges in which axions could still exist, will be looked at. It goes without
saying that not only these considerations put limits on the mass and the coupling constant
of the particle looked for so eagerly, but also experimental searches are on their way, trying
to push the existing bounds further and eventually prove or exclude the existence of the
axion.

2.1 The Strong CP-Problem

Quantum Chromodynamics (QCD), the theory of strong interactions, is a non-Abelian
field theory. It is constructed to be both asymptotically free and confining. Hence, exact
solutions are very unlikely to exist. Gluons, the gauge bosons of QCD, carry color charge
themselves and thus, they can interact with each other. This is important for the theory,
but it actually complicates solving field equations immensely. In Quantum Electrodynamics
(QED), which is an Abelian theory, things are different, since the photons (gauge bosons
of QED) do not carry electric charges.
A perplexing question in particle physics, the so-called strong Charge-Parity-Problem (CP-
Problem), is, why QCD does not seem to break the CP-Symmetry1. It is expected to be
violated, as it is in the electroweak theory, but nevertheless, no effect like that has ever
been observed in any experiment so far. As will be discussed in the following, the strong
CP-problem originates from the attempt to solve the U(1)A-Problem of perturbative QCD.
A possible and, indeed, very elegant solution to the question of CP-Conservation can be
derived from the Peccei-Quinn mechanism.

1C-Symmetry is a symmetry under charge-conjugation transformation, i.e. inversion of quantum charges,
while P-Symmetry refers to parity transformations, i.e. the change of sign in all spatial coordinates.

3



4 CHAPTER 2. THE AXION

2.1.1 The U(1)A-Problem

Characteristically, solutions in QCD are obtained by expanding the fields around the ground
state (i.e. the vacuum). The Lagrangian density of this perturbative QCD can be written
as

Lpert =
∑

f

q̄f (γµiDµ − mf ) qf − 1

4
Ga

µνG
µν
a , (2.1)

where f is the quark flavor and qf denotes the quark fields. G represents the gluon field
tensor. In Ref. [4] further details are provided.

QCD can only be described approximatively by Lpert, although it is good enough for
perturbative calculations. The reason for this insufficiency is that Lpert is not only invariant
under global vectorial transformations, but also under axial ones. QCD, however, does not
show this axial symmetry, known as U(1)A. If it did so, this would lead to hadronic parity
doublets, indicating a spontaneous symmetry breaking (SSB) of U(1)A [5].
If a symmetry is spontaneously broken, this means that the Lagranian of a system has a
certain symmetry, but the ground state (i.e. the vacuum) does not. In Lagrangian theories,
SSB is a frequent phenomenon. Whenever the symmetry which is broken is a continuous
global one, a Nambu-Goldstone boson, i.e. a massless spin-zero boson corresponding to the
remaining symmetry, appears. However, if the symmetry is not exact, the particle will have
a small mass and it is called a Pseudo-Goldstone boson.
Of the four expected Goldstone bosons for a possible U(1)A-Symmetry breaking of QCD,
only three have been observed, namely π−, π0, π+. The only particle which could take the
place of the fourth boson2 is η′. It has the correct quantum numbers (JP = 0−), but is
indeed too heavy3. Therefore, one faces the U(1)A-Problem, also called the η-mass problem:
the non-existence of the fourth boson.

2.1.2 The Solution of the U(1)A-Problem

By postulating the anomalous breaking of the U(1)A-Symmetry, t’Hooft solved the U(1)A-
Problem [9, 10]. Anomalous means that a symmetry is not a true one, i.e. it is broken by
quantum effects. In the case of U(1)A, the anomaly is known as axial or Adler-Bell-Jackiw
(ABJ) anomaly and it adds a term LΘ to the Lagrangian of QCD:

LΘ = Θ
g2

32π2
Gµν

a G̃a
µν (2.2)

with the coupling constant g and G̃a
µν the dual of the gluon field strength tensor.

LΘ exists due to the complicated structure of the ground state (i.e. the vacuum) in non-
Abelian field theories like QCD. An infinite number of degenerated vacuum states forms
the ground state and it is impossible to transform the vacua from one into the other by
using continuous transformations (see Ref. [11] and references therein). To characterize

2The pion should have a light partner corresponding to a flavor singlet. This would be η′ (not η), since
|η′〉 ≈ |η1〉 = 1√

3

˘˛

˛u↑ū↓¸

+
˛

˛d↑d̄↓¸

+
˛

˛s↑s̄↓
¸¯

[6, 7].
3Its mass is mη′ = 958 MeV, which is large compared to the pion mass mπ = 135 MeV [8].



2.1. THE STRONG CP-PROBLEM 5

the distinct vacua, an integer is used, the winding number n. The ground state can be
expressed as a superposition of the degenerate vacua4, the so-called Θ-vacuum:

|Θ〉 =
∞

∑

n=−∞

e−inΘ |n〉 , (2.3)

where 0 ≤ Θ ≤ 2π.

For the Standard Model, in order to consider also electroweak interactions, Θ has to be
substituted by Θ̄, which is given as

Θ̄ = Θ + arg(det M). (2.4)

Here, M is the quark mass matrix. The resulting equation for the additional Lagrangian
term accordingly reads then:

LΘ̄ = Θ̄
g2

32π2
Gµν

a G̃a
µν . (2.5)

A more detailed discussion can be found, for example, in Refs. [12, 13].

2.1.3 The Strong CP-Problem

The U(1)A-Problem can thus be solved, but at the expense of raising a new problem. LΘ̄

violates CP-Symmetry. No strong CP-Problem would appear, if at least one quark was
massless5. But since this is not the case, the two terms forming Θ̄ (see Equation (2.4)) are
independent. Thus, there is no reason, why they would have to cancel out. This yields to
a value for the electric dipole moment of the neutron of

dn ≈ 5 × 10−16Θ̄ e cm (2.6)

according to Ref. [14], while the experimental limit is [15, 16]:

|dn| < 12 × 10−26 e cm. (2.7)

This in turn implies Θ̄ ≤ 10−10 or even zero, which would require fine-tuning between the
two summands forming Θ̄. The question, why Θ̄ is so small, is called the strong CP-Problem.

2.1.4 The Peccei-Quinn Solution

Peccei and Quinn (PQ) suggested an elegant, and actually the most promising solution to
answer the question about the smallness of Θ̄ [17]. Since fine-tuning often implies that
there are additional symmetries in a theory, they introduced a global, chiral Peccei-Quinn-
Symmetry UPQ(1), and like this, the possibility to have Θ̄ = 0 is given. UPQ(1) is a sponta-
neously broken symmetry. Since it is not an exact symmetry, however, a Pseudo-Goldstone
boson is obtained, as both Weinberg and Wilczek pointed out independently [18,19]. This
resulting particle obtained the name axion6. The mass of the axion ma is inversely propor-

4For this, tunneling solutions (such as instantons) between the degenerate vacua must exist [5].
5The Θ̄-term could be made to vanish by an axial transformation of the quark fields under these cir-

cumstances [11].
6Actually, F. Wilczek named the new particles “after a laundry detergent, since they clean up a problem

with an axial current” [20].
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tional to the scale of the broken Peccei-Quinn-Symmetry, fa, due to the chiral anomaly. fa

is sometimes also referred to as the axion decay constant. The additional field will therefore
append another term, depending linearly on the field a added to the Lagrangian (since the
axion couples to gluons), leading to

LAxion = Lkin + Lint + Ca
a

fa

g2

32π2
Gµν

a G̃aµν , (2.8)

where Ca is a model dependent parameter. The first term represents the kinetic energy
and is given by Lkin = −1

2∂µa∂µa, the second term takes further interactions of the axion
(such as with fermions) into consideration, while the third summand gives the axion field
an effective potential. Since this last term as well as LΘ contribute to the axion field, it is
possible to minimize it, which leads to

〈a〉 = − fa

Ca
Θ̄. (2.9)

By introducing an additional axion field a, it is possible to cancel the disturbing Θ̄-term
in the QCD Lagrangian: no violation occurs and consequently the strong CP-Problem is
solved7. However, one practical problem remains: the detection of the axion, which has
not been accomplished so far.

2.2 The Axion and its Properties

All the important axion properties and couplings depend on the breaking scale of the Peccei-
Quinn-Symmetry, fa. The proportionality of the various axion coupling constants gai to
the axion mass ma or to the inverse of the axion decay constant fa, which is equivalent,
are characteristic:

gai ∝ ma (2.10)

gai ∝
1

fa
(2.11)

where i denotes the particle the axion couples to8. The appearance (or non-appearance) of
certain couplings distinguishes the different existing axion models, which will be discussed
below (see Sect. 2.2.2) in more detail.

2.2.1 Axion Couplings

Axions interact with fundamental bosons, such as gluons and photons, as well as with
fermion like electrons and nucleons. These couplings form the term Lint in Equation (2.8).

7For completeness, it should be mentioned that alternative suggestions to solve the strong CP-Problem
exist. An approach to do so by using supersymmetry can be found in Ref. [21].

8Sometimes gai is also denoted as gaii in order to describe the coupling in a more accurate way.
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Figure 2.1: Feynman diagram of the axion-to-gluon coupling. gs is the strong coupling constant, while ga

denotes the axion-to-fermion coupling constant (figure taken from Ref. [3]).

Interactions of Axions with Fundamental Bosons

Coupling to Gluons Due to the chiral anomaly, axions couple to gluons as mentioned
above (see Fig. 2.1) , leading to

LaG =
αs

8πfa
aGµν

a G̃aµν , (2.12)

where αs is the fine structure constant of strong interactions. This coupling is the feature
that distinguishes axions from other pseudoscalar particles, since it follows directly from
every axion model. Through the coupling to gluons, axions acquire a mass, which can be
obtained from the mixing with pions approximately as [22,23]:

ma =
mπfπ

fa

(

z

(1 + z + w)(1 + z)

)1/2

≃ 0.60 eV
107 GeV

fa
, (2.13)

where the pion mass is mπ = 135 MeV and its decay constant is given by fπ = 93 MeV.
Here, z and w are the quark mass ratios [24]

z ≡ mu

md
= 0.568 ± 0.042, (2.14)

w ≡ mu

ms
= 0.0290 ± 0.0043. (2.15)

There is a significant variation in the value of z: according to Ref. [8] z is between 0.3 and
0.7, while Ref. [26] gives z = 0.553 ± 0.043.

Coupling to Photons Since, as a result of axion-gluon coupling, axions mix with pi-
ons, they also interact with photons [22]. Furthermore, the axion can couple to two pho-
tons (triangle loop), if the quarks and leptons carry both PQ charges and electric charges
(see Fig. 2.2). This happens in the same way as does the axion-gluon coupling (see Fig. 2.1).
The Lagrangian of the interaction can be written as

Laγ = −gaγ

4
FµνF̃

µνa = gaγ
~E · ~Ba, (2.16)



8 CHAPTER 2. THE AXION

Figure 2.2: Two Feynman diagrams contribute to the axion-photon coupling: coupling of the axion to two
photons via a triangle loop through fermions carrying PQ and electric charges (left image), and axion-pion
mixing (right image) [3].

where gaγ is the coupling constant, F the electromagnetic field tensor and F̃ its dual. ~E

and ~B denote the electric and the magnetic field respectively. The coupling constant is
given as [22]

gaγ = − α

2πfa

(

E

N
− 2

3

(4 + z + w)

(1 + z + w)

)

(2.17)

with α being the fine structure constant and both z and w as in Equation (2.14) and
Equation (2.15), respectively, and thus, by inserting z and w, one obtains

gaγ = − α

2πfa

(

E

N
− 1.92 ± 0.08

)

. (2.18)

The ratio E/N depends on the axion model. While N is the color anomaly of the axion
current, E represents its electromagnetic anomaly. They are defined as [22]:

E ≡ 2
∑

j

XjQ
2
jDj (2.19)

N ≡
∑

j

Xj (2.20)

where for quarks (color triplets) Dj = 3 and for charged leptons (color singlets) Dj = 1.
Moreover, Xj and Qj denote the PQ and the electric charges respectively. If there are
external electric or magnetic fields, this coupling allows for both axion decay a → 2γ and
conversion through the Primakoff effect a ↔ γ (more details will follow in Sect. 3.1.1).

Interaction of Axions with Fermions

Axions couple to fermions and the Lagrangian of this interaction is

Laf =
gaf

2mf
Ψ̄fγµγ5Ψf∂µa, (2.21)

where f denotes the fermion, i.e. the electron or the nucleon in our case. For the fermion
mass mf , gaf is given by

gaf =
Cfmf

fa
(2.22)
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Loop Correction

a

Figure 2.3: Axion-electron coupling. Left image: Direct axion-electron interaction is only possible for
DFSZ axions, and it can thus be used to distinguish these axions from the hadronic or KSZV axions. Right
image: Higher order coupling of axion and electron. Hadronic axions can only interact with electrons via
this coupling [34].

with Cf being an effective PQ charge. gaf acts as a Yukawa coupling and αaj ≡ g2
af/4π

plays the role of an “axionic fine structure constant” [22]. So, if quarks and electrons carry
PQ charge9, these Yukawa couplings to axions can be observed. Since quarks cannot be
isolated (due to confinement), the interaction of axion and nucleon has to be considered.

Coupling to Electrons (Tree Level and Radiatively Induced) If electrons carry
PQ charge, as they do in certain axion models (DFSZ, see Sect. 2.2.2), there will be a
tree-level coupling with axions as in Equation (2.21), where gaf for the electron is [22]:

gtree
ae =

Ceme

fa
= Ce 0.85 × 10−10meV . (2.23)

meV is given by meV = ma/eV and Ce depends on the “effective” PQ charge of the elec-
tron10, namely Ce = X

′
e/N . However, even if X

′
e = 0, as it can be found in other axion

models (KSVZ, see Sect. 2.2.2), there still is a so-called radiatively induced coupling of
axions to electrons at a one-loop level with a grad

ae more complicated and smaller than
gtree
ae [27], thus leading to a smaller contribution to the Lagrangian compared to the tree-

level interaction. The Feynman graphs for both kinds of axion-electron coupling are shown
in Figure 2.3.

Coupling to Nucleons The general coupling constant gaf from Equation (2.22) be-
comes [22,27,28]

gaN =
CNmN

fa
= CN1.56 × 10−7meV (2.24)

9This depends on the axion model.
10Actually, this is just done to absorb the color anomaly N in the definition of Ce [22].
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N

N

a

g
aN

Figure 2.4: Feynman diagram of axion-to-nucleon coupling.

in the case of axion-to-nucleon coupling (see Fig. 2.4).
CN is different for proton and neutron:

Cp = (Cu − η)∆u + (Cd − ηz)∆d + (Cs − ηw)∆s, (2.25)

Cn = (Cu − η)∆d + (Cd − ηz)∆u + (Cs − ηw)∆s, (2.26)

where η = (1 + z + w)−1 and z and w given again as in Equations (2.14) and (2.15),
respectively. ∆q is the helicity contribution of the nucleon as it is carried by the quark
q (with q = u, d, s). The numbers for this purpose are, with errors of about ±0.03 per
value [22,29]:

∆u = +0.85, ∆d = −0.41, ∆s = −0.08. (2.27)

Thus, gaN (Equation (2.24)) can be calculated (still depending on the axion model, how-
ever).

2.2.2 Axion Models

Axions can be seen in the context of different models. The distinguishing feature between
the two major axion model classes is the size of the PQ scale fa, which is inversely propor-
tional to the axion mass ma, as mentioned before:

• fa small → ma large: Visible Axions

• fa large → ma small: Invisible Axions

Further differentiation of these two classes is, of course, possible.

Visible Axions

The standard axion model, as it was originally proposed by Peccei, Quinn, Weinberg and
Wilczek (PQWW) [17–19] (see also Sect. 2.1.4), and its variants assume an axion decay
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constant of about the size of the electroweak constant, i.e. fa ≈ fweak ≈ 250 GeV, im-
plying an axion mass of the order ma ≈ 200 keV. This kind of axions, known as visible
or PQWW-axions, have been ruled out by numerous experiments as well as astrophysical
considerations [13].

Invisible Axions

For weaker couplings of the axion, i.e. at a large scale fa ≫ fweak, the axion has been
able to escape detection in previous experiments, thus the name invisible axion. In models
of this kind, an electroweak singlet Higgs field Φ (complex scalar field) with a vacuum
expectation value of fa/

√
2 is introduced. This field is not interacting electroweakly. The

two important models are the KSVZ11 and the DFSZ12 model. Their main distinguishing
feature is the coupling of axion to electrons. They both manage to solve the CP-Problem.

KSVZ-Model The first to suggest an invisible axion model were Kim, Shifman, Vain-
shtein, and Zakharov [30,31]. In the frame of this scenario, leptons and quarks do not carry
PQ charge (that is Ce = Cu = Cd = Cs = 0), while some exotic heavy quarks do.
The KSVZ axions are also called hadronic axions, because they cannot couple to electrons
in the tree level for this reason. A weaker coupling to electrons does exist, though.
KSVZ axions couple to nucleons as shown in Equation (2.24). Evaluation of Equation (2.25)
and (2.26) yields to

Cp = −0.39, (2.28)

Cn = −0.04, (2.29)

and consequently for the coupling constants, one obtains:

gKSV Z
ap =

Cpmp

fa
= −6.01 × 10−8meV , (2.30)

gKSV Z
an =

Cnmn

fa
= −0.69 × 10−8meV . (2.31)

As far as the interactions with photons are concerned, Equation (2.18) holds, but different
types of KSVZ models suggest different values for E/N . Consequently, this coupling can
be either suppressed or enhanced [28].

DFSZ-Model Another approach to describe the invisible axion was presented by Dine,
Fischler, Srednicki and Zhitnitskĭı [32, 33]. In this model, the fundamental fermions carry
PQ charge. Therefore, no exotic heavy quarks are needed. Instead of just using an elec-
troweak singlet scalar field Φ, as it is done in the KSVZ model, two doublet fields (Φ1,
Φ2) are introduced in addition. Their vacuum expectation values are f1 and f2, respec-
tively [22].
Since the DSFZ axions can be implemented in Grand Unified Theories (GUT) without

11Named after the first people to publish about this model: Kim, Shifman, Vainshtein, and Zakharov.
12Honoring the first people to introduce this model: Dine, Fischler, Srednicki and Zhitnitskĭı.
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major difficulties, the DFSZ model is also referred to as a Grand Unified Model.

Direct coupling to electrons is possible in this scenario. Ce is given (for Nf being the
number of families) as follows:

Ce =
cos2 β

Nf
(2.32)

and hence the coupling constant can be obtained (following Equation (2.23)) as

gDSFZ
ae = 0.85 × 10−10meV

cos2 β

Nf
= 0.28 × 10−10meV cos2 β (2.33)

in which the last part of the equation results from the assumption that Nf = 3. The term
cos β is a parametrization of x = f1/f2 (see Ref. [22] for a more detailed description).

For the coupling of axions to nucleons the following equations for Cu, Cd, and Cs hold:

Cd = Cs = Ce =
cos2 β

Nf
, (2.34)

Cu + Cd =
1

Nf
, (2.35)

Cu − Cd = −cos2 β

Nf
, (2.36)

which leads to

Cd = Cs =
cos2 β

Nf
, (2.37)

Cu =
sin2 β

Nf
. (2.38)

Consequently, using equation (2.25) and (2.26) as well as Nf = 3, one obtains:

Cp = −0.10 − 0.45 cos2 β, (2.39)

Cn = −0.18 + 0.39 cos2 β. (2.40)

For the interaction of axions and photons, following equation (2.18) with E/N = 8/3 for
any GUT, the coupling constant is given by:

gDFSZ
aγ ≈ −0.75

α

2πfa
. (2.41)

2.2.3 Origin of Axions

Different possible sources for axions exist. Relict axions could have been produced by
three distinct processes in the early universe (see Ref. [34] and references therein): thermal
production [35], production through the misalignment effect in the early universe [36–38],
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and the decay of primordial topological defects, such as axion strings [39]. It is not sure,
which of these processes dominates, since this depends on both the axion mass and whether
or not inflation took place. Thermal production yields hot dark matter axions (relativistic
axions), while non-relativistic axions would originate from the misalignment effect and the
decay of topological defects.
Beside these relict axions, in the cores of stars, such as our Sun, axions or axion-like
particles can be produced through Primakoff conversion of blackbody photons, causing
these celestial objects to lose energy. More details on this so-called solar axions can be
found in the following chapter.
Furthermore, it is possible to produce axions in the laboratory by sending light, preferably
a strong laser beam, through a transverse magnetic field13. This can be very useful for the
experimental detection.

2.3 The Theoretical Limits on Axion Mass and Coupling Con-

stant

In principle, since all values for the PQ breaking scale fa solve the strong CP-Problem,
ma is completely arbitrary. Before experiments start searching for the axion, however, it is
possible, on the basis of astrophysical and cosmological considerations, to exclude several
ranges of masses, leaving only a small window (10−5 eV. ma . 10−2 eV), where axions
could still exist.

2.3.1 Astrophysical Limits

Despite their small interaction with normal matter, axions have a considerable influence
on the evolutions of stars. Axions could be produced in the interior of stars by different
processes and, hence, provide an additional energy loss channel, through which energy from
nuclear reactions in the core of the star could be carried away directly. As a consequence,
the star will contract and increase its luminosity as well as its central temperature in order
to adjust to the new situation. This, in turn, will then lead to a shortening of the star’s
lifetime due to faster consumption of fuel. It is possible to put limits on the coupling of
axions to photons, electrons and nucleons by demanding that time scales of stellar evolution
match with observational limits [22].

The best limits on axion-photon coupling can be obtained from low-mass stars with a
helium-burning core, known as Horizontal Branch (HB) stars. By observing the ratio of HB
stars and low-mass red giants in globular clusters, in which axion emission is suppressed
compared to the HB stars, the coupling constant gaγ . 0.6 × 10−10 GeV−1 and the axion
mass limit is given by [22]

ma . 0.4 eV (for GUT axion models, i.e. E/N = 8/3) (2.42)

13In order to mix a photon with an axion, the external magnetic field has to be such that it fits the missing
quantum numbers. Since the photon has spin one but the axion is a spin-zero particle, the magnetic field
has to be a transverse one [22].
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due to the fact that the Primakoff conversion γ + Ze → Ze + a is not dominant. This
horizontal branch limit, which is also referred to as globular cluster limit, might however
vary by a factor of 2 due to uncertainties in its determination [40]. Therefore, when it is
plotted in the exclusion plot for gaγ (see Fig. 4.23) in order to provide a comparison for the
results of CAST and other experiments, the limit gaγ . 1.0 × 10−10 GeV−1 is used.

A rather strict constraint on the axion-to-nucleon coupling can be derived by observing
the measured neutrino signal from the supernova SN 1987A. Its duration places a limit be-
cause after the collapse, neutrinos are trapped inside the hot and dense core and escape is
only possible by diffusion, while axion emission would carry away energy from the interior,
observable in late-time neutrinos [41]. This is possible, if axions interact feebly enough.
Two arguments make up the limit set by SN 1987A, probably leaving a little gap between
each other (see Fig. 2.5), called the “hadronic axion window” [42]. If axions interact too
strongly, they are trapped in the SN core, thus implying, they cannot be excluded by the SN
signal if their mass is larger than a certain mass limit, namely ma & 10−2 eV [43,44]. Nev-
ertheless, some of the energy is carried away by axions leading to a remarkable large signal
in the detectors for the neutrinos (Cherenkov Detectors) or, at least, altering the neutrino
flux considerably. Hence, another range of axion masses can be excluded [45]. Due to the
hadronic axion window, eV-axions might be allowed in axion models which highly suppress
tree-level axion-electron coupling (such as KSVZ) and could be a hot dark matter candidate.

Constraints for the axion-to-electron coupling can be obtained from the luminosity
function of white dwarfs and from globular-cluster stars, but the achievable limits are
unable to exclude more regions than the previous arguments already do [42].

2.3.2 Cosmological Limits

In case axions were interacting strongly enough, i.e. fa . 108 GeV, in the early universe,
a thermal equilibrium state would have been reached before the QCD phase transition
occurred. However, this range is already excluded by the astrophysical considerations
mentioned above. Hence, axions were produced non-thermally, since fa & 108 GeV.

Inflation Scenario

If inflation took place only after the breaking of the PQ-Symmetry, i.e. the temperature
of the universe, Tuniv, below the PQ scale fa, then the misalignment mechanism [36–38]
would have caused a contribution to the cosmic critical density Ω of

Ωah
2 ≈ 1.9 × 3±1

(

1µeV

ma

)1.175

Θ2
i.m.F (Θi) (2.43)

with the Hubble constant h in units of 100 km s−1Mpc−1 and any anharmonic corrections
to the axion potential included in F (Θ) [42]. Θi.m., the initial misalignment of the QCD Θ-
parameter, can be close to zero or close to π, but, in order to avoid fine-tuning, Θ2

i F (Θi) ≈ 1
would be the expected value. Due to observations of temperature fluctuations of the cosmic
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Figure 2.5: Astrophysical and cosmological exclusion regions for the axion mass ma and, equivalently,
the PQ scale fa. Open-ended bars represent a rough estimate, i.e. its location is model-dependent or has
not been established. Since the globular-cluster limit is derived from axion-to-photon coupling, it is model-
dependent. GUT or DFSZ models with E/N = 8/3 were used here. The limit from the SN 1987A depends
on the axion-nucleon-coupling and thus, what is shown here is exact for KSVZ and approximately for DFSZ
axions. The dotted regions indicate, where axions could form the cosmic dark matter. Some experiments
searching for galactic dark matter axions are also included in the figure (taken from Ref. [50]).
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microwave background (CMBR), caused by quantum fluctuations of the axion field during
inflation [46], this fine-tuning of the initial angle Θi is constrained. According to Ref. [47]
the axion mass is thus below ma . 10−3 eV (see Fig. 2.5).

String Scenario

In another scenario, namely if inflation took place before PQ-Symmetry breaking (Tuniv >
fa) or if it did not happen at all, cosmic axion strings came into existence [39]. Axion emis-
sion makes the strings lose energy. After QCD phase transition, axions acquire their mass
and behave no longer relativistic. In principle, the axion density obtained for misalignment
and the one for this case are comparable. However, exact results are a controversial issue
(Compare Ref. [48] to Ref. [49]). A feasible range, considering the occurring uncertainties,
for the string scenario is shown in Figure 2.5.

Concluding, all these constraints do not leave more than a window from µeV to some
meV for hadronic axions. Nevertheless, experiments also searched the “prohibited” regions,
because neither astrophysical nor cosmological considerations are absolutely stringent. All
the astrophysical and cosmological constraints discussed are summarized in Figure 2.5.
Additional restrictions on possible axion masses and coupling constant ranges were ac-
complished by laboratory experiments and thus these will be considered in the following
section.

2.4 The Detection of the Axion

As mentioned above, the existence of visible axions could be excluded rather early by
considering the effect they would have on stellar evolution (proof through experiments
followed a little bit later [13,51]). Pierre Sikivie was the first to propose several experiments
on how to detect invisible axions [52]. His suggestion was that it should be possible to
convert axions into mono-energetic photons by using a strong magnetic field (Primakoff
effect, see Sect. 3.1.1 for a more detailed description of this effect). Since this axion-to-
photon coupling is a consequence of the PQ axion-gluon interaction, it can be found in all
axion models, and therefore it is used in all experiments to detect the hypothetical particle.
Basically, three different types of axions are looked for (see Sect. 2.2.3): galactic axions,
solar axions and laboratory axions. The kinds of experiments performed in order to obtain
limits on gaγ can be distinguished in three major groups, which will be described in the
following:

• Haloscope and Telescope Searches (looking for galactic axions)

• Laser Experiments (using laboratory axions)

• Helioscopes (searching for axions coming from the Sun).

In Figure 2.6, an exclusion plot for the different kinds of axion search experiments provides
an overview.
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Figure 2.6: Exclusion region for various experiments [50]. The axion-photon coupling constant is plotted
versus the axion mass. The astrophysical limit from horizontal branch (HB) stars is added as well. The
limits are valid for any pseudoscalar particle, except if haloscopes are used, since these searches assume
that the particles are galactic dark matter. Dotted lines refer to ongoing dark matter axion searches.

2.4.1 Haloscope and Telescope Searches

Haloscopes

Microwave Cavity Experiments are searching for galactic halo axions and are thus referred
to as haloscopes. Axions (of the order µeV) are converted into photons of a frequency in
the GHz range, when passing through a strong, static magnetic field. Coupling of axions is
only possible to TM14 modes of the cavity, so tuning the frequency of the cavity is required,
because the axion mass is unknown.
Two pilot experiments (RBF15 [53], UF16 [54]) were performed and able to exclude axions
of a certain mass range, namely

4.5 µeV < ma < 16.3 µeV.

Follow-up experiments show or will show higher sensitivity, even though they are using
setups based on the same principle. So far, the excluded mass range (ADMX17 at LLNL18,
for results see Refs. [55, 56]) is

1.9 µeV < ma < 3.3 µeV.

14Transversal Magnetic
15Rochester-Brookhaven-Fermilab
16University of Florida
17Axion Dark Matter eXperiment
18Lawrence Livermore National Laboratory
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Further improvements are expected by using new technologies (SQUID19 amplifiers [57] in
order to reduce the noise, and later on dilution refrigerators to decrease the temperature of
the cavity further).
A different approach, as set up in Kyoto, Japan, with CARRACK20 I and II, exploits
Rydberg atoms to detect the photons. CARRACK I performed a search in the 8 % range
around 10 µeV, while CARRACK II is about to investigate the region of 2 µeV< ma <
50 µeV [58].

Telescopes

Thermally produced axions, so-called “multi-eV” axions, can be searched for with telescopes,
because they should decay into two photons. The most likely places to find such axions are
clusters of galaxies [59]. By decaying, these axions will produce an emission line, which,
however, could not be observed in the experiment (Kitt Peak National Observatory [60])
and thus the following range does not qualify for axion masses:

3 eV < ma < 8 eV.

The radio telescope at the Haystack Observatory [61] was able to rule out coupling con-
stants for masses in the range of 298 µeV< ma < 363 µeV with:

gaγ > 1.0 × 10−9 GeV−1.

2.4.2 Laser Experiments

“Shining Light through Walls” Experiments

In “Shining Light through Walls” or beam dump experiments, a strong laser beam is sent
through a magnetic field. There, a part of the photons is converted into axions. Then, a
wall or shield blocks the photons, while the feebly interacting axions can pass through to the
other side, where they are reconverted into photons by another magnetic field (see Fig 2.7)
and detected [63,64].
Instead of the beam, resonating cavities can be used on either side as well [65]. Results
from such an experiment [66] yielded an upper bound for the coupling constant of

gaγ < 7.7 × 10−7 GeV−1

for axion masses ma < 10−3 eV.

Polarization Experiments

Axions should change the polarization of the photon beam before and after the wall in
the previous kind of experiments (see Fig. 2.8), such that the polarization plane of the
incident beam is rotated (Dichroism) and, in addition, there is an ellipticity of the passing

19Superconducting QUantum Interference Devices
20Cosmic Axion Research using Rydberg Atoms in a resonant Cavity in Kyoto
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Figure 2.7: Basic principle of a “Shining Light through Walls" experiment. An incoming photon beam is
partly converted into axions. A wall keeps the remaining photons from getting to the other side, while the
axions pass the shield. Beyond the barrier, the axions can be backconverted in another magnetic field, and
then the resulting photons can be detected (Figure taken from Ref. [62]).

Figure 2.8: Upper image: Principle of the formation of Dichroism, i.e. a rotation of the polarization
plane, induced by the creation of a massive particle which couples to two photons. Lower image: Principle
of development of Ellipticity induced by the retardation of an electric field component relative to the other,
when a massive particle is produced (two photon coupling) [62].
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beam observable, while the incident beam was linearly polarized (Vacuum Birefringence).
Both effects would be noticeable. Results of such an experiment, accomplished by Se-
mertzidis et al. [67], gave the following results:

gaγ < 2.5 × 10−6 GeV−1

for axion masses ma < 7 × 10−4 eV.

PVLAS21, a more recent experiment of this kind, observed a strong effect, which might
be interpreted tentatively as a axion-like particle. The required coupling strength of axions
to photons, however, would be around 3× 10−6 GeV−1, and thus ruled out by other exper-
iments (such as e.g. CAST [68, 69]), the globular-cluster limit and observed properties of
the Sun. Nevertheless, there are first attempts to find a new model of particle physics, in
which the PVLAS signal would fit. For further details see Ref. [70] and references therein.

2.4.3 Helioscopes

Searches for solar axions are performed by using helioscopes. One can either utilize an
electric field for axion-to-photon conversion via the Primakoff effect or a magnetic one.

In an electric field, as it can be provided by crystalline detectors, axion-to-photon con-
version is coherent, if the Bragg condition is fulfilled [71, 72]. Three experiments were
looking for these characteristic Bragg patterns:

• The SOLAX22 experiment [73] used a Germanium Spectrometer giving a bound on
gaγ of

gaγ < 2.7 × 10−9 GeV−1

for axion masses up to about 1 keV.

• The COSME detector [74] at the Canfranc Underground Laboratory, which is a Ger-
manium detector as well, accomplished to reach a similar result, namely

gaγ < 2.78 × 10−9 GeV−1

being mass independent, however depending on the solar model.

• The DAMA23 experiment [75] on its part used NaI(Tl) crystals and achieved a limit
of

gaγ < 1.7 × 10−9 GeV−1

for masses in the eV range.

21Polarizzazione del Vuoto con Laser (Vacuum Polarization with Laser)
22SOLar AXion search in Argentina
23Particle DArk MAtter searches with highly radiopure scintillators at Gran Sasso
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However, the approach to detect solar axions with the help of an electric field turned out to
be somewhat limited [76], because neither present nor future crystal detector experiments
will be able to challenge the limit set by globular clusters.

The second type of “axion helioscopes” applies a transverse magnetic field to convert
the incoming axions into photons [52, 77]. The first experiment to use this technique was
performed by Lazarus et al. [78] examining two axion mass regions and leading to the
following results:

gaγ < 3.6 × 10−9 GeV−1 for ma < 0.03 eV

and
gaγ < 7.7 × 10−9 GeV−1 for 0.03 eV < ma < 0.11 eV.

Following this experiment, the Tokyo Axion Helioscope [79] continued the search using the
same method, but providing better sensitivity, and thus leading to a more restrictive limit:

gaγ < 6.0 × 10−10 GeV−1 for ma < 0.03 eV.

At the present time, the CERN Axion Solar Telescope (CAST), which is going to be de-
scribed in more detail in Chapter 4, is looking for axions using the same basic principle,
however, with a considerably increased sensitivity.
A very helpful overview of direct searches for axions can be found in Ref. [80].
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Chapter 3

The Solar Axion

The Sun as one of the closest axion sources is used in experimental searches, such as CAST,
and thus a closer look will be taken at the so-called solar axions. First, the origin of these
particles will be considered and the influence of the solar model used to calculate the axion
flux from the Sun as observable on Earth is studied. In order to detect axions from the
Sun, helioscopes are generally used and thus axion-to-photon conversion in a magnetic
field via the Primakoff effect is an important issue to be discussed. Finally, some further
considerations for the application of helioscopes, such as the ephemeris calculation and the
refraction of light in the atmosphere (necessary for optical crosschecks of systems tracking
the Sun), will be taken into account.

3.1 Axions from the Sun and the Solar Model

3.1.1 The Sun as Source of Axions

As mentioned in Section 2.2.3, axions can be produced in the core of stars. The nearest
and brightest of this kind of axion sources, and thus the best choice for an observation, is
the Sun. In its interior, fluctuating electric fields, originating from the charged particles in
the plasma, are present, and therefore blackbody photons can be converted into axions via
the Primakoff effect [77,81], which is shown in Figure 3.1:

γ + Ze → Ze + a.

The rate for transition of photons with energy ω into axions can be written as [77]:

Γγ→a =
T⊙κ2g2

aγ

32π

[(

1 +
κ2

4ω2

)

ln

(

1 +
4ω2

κ2

)

− 1

]

, (3.1)

where T⊙ is the plasma temperature of the Sun and κ the Debye-Hückel scale1, given by

κ2 =
4πα

T⊙

∑

j

Z2
j Nj . (3.2)

1It describes screening effects.
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Figure 3.1: The Primakoff effect in the Sun: a photon converts into an axion in the presence of fluctuating
electric fields (left). In a laboratory magnetic field the inverse process can take place and an incoming solar
axion can couple to a virtual photon provided by the transverse magnetic field resulting in a real photon
(right). Image taken from Ref. [3].

Here, α denotes the fine-structure constant and Nj is the number density of charged par-
ticles, which are carrying the charge Zje. In terms of photon energy w and momentum k
as well as by using the axion momentum p, Equation (3.1) writes [82]:

Γγ→a =
T⊙κ2g2

aγ

32π

k

ω







[

(k + p)2 + κ2
] [

(k − p)2 + κ2
]

4kpκ2
ln

[

(k + p)2 + κ2

(k − p)2 + κ2

]

−
(

k2 − p2
)2

4kpκ2
ln

[

(k + p)2

(k − p)2

]

− 1

}

. (3.3)

Axion and photon have virtually the same energy. The axion energy Ea is smeared by the
plasma frequency, which is approximately 0.3 keV, and thus small compared to the photon
energies (about 3T⊙ ≈ 4 keV, since the temperature in the solar core is T⊙ ≈ 1.3 keV).
Therefore, Equation (3.3) turns to:

Γγ→a =
T⊙κ2g2

aγ

32π

{

(

m2
a − κ2

)2
+ 4E2

aκ2

4Eapκ2
ln

[

(Ea + p)2 + κ2

(Ea − p)2 + κ2

]

− m4
a

4Eapκ2
ln

[

(Ea + p)2

(Ea − p)2

]

− 1

}

, (3.4)

with k = Ea, p =
√

E2
a − m2

a and ma being the axion mass.

The differential axion flux on Earth dΦa(Ea)/dEa can be obtained from this, by fold-
ing the transition rate with the solar distribution of blackbody photons and integrating
over a standard solar model as described by Bahcall et al. [83] in 1982. Van Bibber et al.
derive a well-approximated formula for this [77]:

dΦa(Ea)

dEa
= 4.02 × 1010

(

gaγ

10−10GeV−1

)2 (Ea/keV)3

e(Ea/1.08keV) − 1

[

cm−2s−1keV−1
]

. (3.5)

The average axion energy is 〈Ea〉 = 4.2 keV. The corresponding plot is shown in Figure 3.2.



3.1. AXIONS FROM THE SUN AND THE SOLAR MODEL 25

Figure 3.2: The differential flux of axions from the Sun at the Earth (taken from Ref. [3]). The average
energy is 4.2 keV, while the maximum of the flux can be observed at an energy of 3 keV [77].

3.1.2 Comparison with the Modern Solar Model

The total axion flux at the Earth, Φa, can be calculated from Equation (3.5) based on the
standard solar model from 1982 as [77]:

Φa = 3.54 × 1011

(

gaγ

10−10 GeV−1

)2

cm−2 s−1. (3.6)

By using a modern solar model, namely BP2004 by Bahcall and Pinsonneault [84], Φa

changes to [86]

Φa = 3.75 × 1011

(

gaγ

10−10 GeV−1

)2

cm−2 s−1. (3.7)

and a fit of the differential flux is given by

dΦa(Ea)

dEa
= 6.02 × 1010

(

gaγ

10−10GeV−1

)2 (Ea/keV)2.481

e(Ea/1.205keV) − 1

[

cm−2s−1keV−1
]

. (3.8)

It is obvious, however, by comparing Eq. (3.5) and Eq. (3.8) that the expected axion flux
hardly depends on which solar model is used (see Fig. 3.3).
For experimental searches, it is essential to know, where exactly most axions are produced

inside the Sun. The axion surface luminosity of the solar disk has been calculated and just
recently updated according to the modern model BP2004 (see Fig 3.4). From this it can
be calculated (see Fig. 3.5), how many axions are expected to emerge from the solar core.
Considering the region of 0.1 R⊙ (R⊙, also denoted as Rsun, being the radius of the Sun),
about 46.8% of the total number of axions expected from the Sun should be observable,
while for 0.2 R⊙, approximately 84.3% of all axions are expected [87]. This corresponds to
an angle of about 0.05◦ and 0.10◦ respectively as seen from Earth.
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Figure 3.3: The axion flux obtained from the standard solar model (dashed blue line) using Eq.(3.5)
compared with the one from a modern solar model (solid red line) using Eq.(3.8) [85].
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Figure 3.4: Contour plot of the axion surface luminosity of the solar disk shown as a function of a radial
coordinate of the solar disk (dimensionless, since it represents the solar radius normalized to the radius of
the Sun Rsun) and of the axion energy (taken from Refs. [86, 87]). It has been calculated for the modern
solar model BP2004. The units are cm−2s−1keV−1 per unit surface on the solar disk.
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Figure 3.5: The axion surface luminosity of the solar disk is shown for different values of the radial
coordinate r = R/Rsun [85]. The considered intervals are ∆r = 0.01 and ∆E = 0.05 keV. The units are
the same as in Fig. 3.4. By integrating over all radii, one can obtain the total axion flux.

3.2 The Detection of Solar Axions in a Magnetic Field

3.2.1 Solar Axion Conversion in Helioscopes

In a laboratory magnetic field, the inverse Primakoff effect takes place (see Fig. 3.1): The
incoming axion converts into a real photon by coupling to a virtual photon provided by the
magnetic field:

a + γvirtual ⇋ γ.

To match the different spins of axion (spin 0) and photon (spin 1) the field has to be
transverse. In order to have conversion at any point of the field, the coherence condition
has to be fulfilled, i.e. constructive interference is required. This is the case, if the axion field
and the photon field are in phase over the full length of the magnetic field. The probability
for a conversion then writes [77,88]:

Pa→γ =

(

Bgaγ

2

)2

2L2 1 − cos2(qL)

(qL)2
. (3.9)

Here, B is the magnetic field, L the length of the magnet, and q the momentum transfer
between axion and the photon in the X-ray range. q is defined by

q =
m2

a

2Ea
. (3.10)
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In vacuum, the coherence condition (Equation (3.9)) is fulfilled for:

qL ≪ 1. (3.11)

Axion masses of 0.03 eV at the most could thus be observed in a magnetic field of 10 m
length.
To look at higher masses ma, coherence can be restored (for a narrow mass range) by filling
the magnet pipes with a low-Z buffer gas, such as helium or hydrogen. Van Bibber et al. [77]
derived a formula for the conversion probability Pa→γ , which considers X-ray absorption in
the gas by including the inverse photon absorption length Γ for X-rays in a medium:

Pa→γ =

(

Bgaγ

2

)2 1

q2 + Γ2/4

[

1 + e−ΓL − 2e−ΓL/2 cos(qL)
]

. (3.12)

The momentum transfer for this case then turns out to be:

q =

∣

∣

∣

∣

∣

m2
γ − m2

a

2Ea

∣

∣

∣

∣

∣

. (3.13)

The photon acquires an effective mass, mγ , proportional to
√

ne, where ne is the number
density of electrons. As a function of pressure, mγ is given (for Helium or Hydrogen) by:

mγ [eV] ≈
√

0.02
P [mbar]

T [K]
. (3.14)

Equation (3.11) thus translates to:
√

m2
γ − 2πEa

L
< ma <

√

m2
γ +

2πEa

L
, (3.15)

and the coherence condition is satisfied again, such that the effective photon mass matches
the axion mass within a small range. By scanning through different gas pressure settings,
one is able to study different mass windows up to 0.3 eV for 6.08 mbar at 1.8 K operating
temperature (which corresponds to 1 atm at 300 K) using 4He (See Fig. 3.6). After conver-
sion, Nγ photons are expected for the effective detector area S and the observation time t
given in days (Efficiency of the detector not included):

Nγ = Φa × Pa→γ × S × t ∝ g4
aγ . (3.16)

From this number, the exclusion plot for the coupling constant gaγ (see Fig. 4.23) can be
calculated.

3.2.2 Further Considerations for Using Helioscopes

For detection of solar axions with helioscopes, it is important to be aligned with the solar
core very precisely and for the longest time possible, in order to capture as many axions as
possible and convert them into photons. Therefore, most helioscopes are able to track the
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Figure 3.6: Pressure Dependence of the Measurements. In vacuum (black line), a range of axion masses
up to a certain point (loss of coherence) can be investigated, then the transition rate decreases dramatically.
A buffer gas is able to restore coherence, but only for a very narrow mass range (red line). The position of
the peak, and thus the mass to be measured, depends on the pressure of the gas [89].

Sun, i.e. to follow it. This, however, makes it necessary to calculate the way of the Sun as
observed from Earth in the course of the year. Additionally, the solar tracking should be
cross-checked. One possible way to perform such a test of the system is to use a camera,
mounted on the helioscope while tracking, in order to film the Sun and thus check the
alignment. In this case, however, photons are observed -instead of axions- and it will be
necessary to correct for refraction in the atmosphere.

Ephemeris of the Sun

Traditionally, an ephemeris was a look-up table providing the positions of the Sun or planets
at a given time. Today, however, a modern ephemeris includes a software that calculates
positions of celestial bodies, such as stars, planets, comets or satellites for example, for
virtually any desired time. Such ephemerides cover typically many centuries, past and fu-
ture. This is possible, because celestial mechanics is an accurate theory. However, there
are perturbations causing uncertainties, which have their origin in the existence of numer-
ous asteroids with poorly known masses. In order to calculate the Sun’s ecliptic2 several
commercial and non-commercial software routines are available. The most widely used and
generally accepted one is NOVAS3 provided by the U.S. Naval Observatory [90]. NASA

2The geometric plane which contains the orbit of the Earth is called ecliptic. Most planet’s orbits in the
Solar System are close to this plane.

3Naval Observatory Vector Astrometry Subroutines
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offers an online Ephemeris Computation Service, known as JPL4’s HORIZONS System [91].

To actually calculate the ephemerides is everything but an easy task. The problem to
solve is a multi-body problem: Other planets influence the Earth’s way around the Sun,
and therefore its orbit is not exactly elliptical. For a n-body problem, 3n second-order
differential equations of motion have to be solved. It is possible for n = 2, but no general
solution exists for arbitrary n.
The usage of different coordinate and time systems complicates the calculations even fur-
ther. The mostly used celestial coordinate systems are [92]:

• Horizontal Coordinate System: It is often used to calculate sunrises and sunsets,
but hardly to determine ephemerides.
The observer’s local horizon is used as the fundamental plane and the coordinates are
altitude5 (Alt), i.e. the angle between the object and the horizon from −90◦ (Nadir) to
+90◦ (Zenith), and the azimuth (AZ), i.e. the angle of the object around the horizon
(generally measured from the North point towards the East) from 0◦ to 360◦.

• Equatorial Coordinate System: It can be geocentric or topocentric, depending
on whether the center of the Earth or a point on its surface is chosen as the point of
origin.
The reference plane in this system is the celestial equator6. Its coordinates are dec-
lination δ and the right ascension α (or the hour angle t, which is defined as the
difference between the sidereal time θ and the right ascension α).

• Ecliptic Coordinate System: Both heliocentric (solar center as point of origin)
and geocentric (Earth’s center as point of origin) ecliptic coordinate system exist.
The fundamental plane here is the ecliptic of the Sun. The coordinates for both
systems are the distance of the observed planet to the Sun (or accordingly Earth)7,
r (∆). The ecliptic latitude b (β) is the angle between ecliptic and the connecting
line of the Sun and the observed planet (Earth and the planet), while the ecliptic
longitude l (λ) is the angle between vernal equinox and the projection of the Sun-
planet (Earth-planet) connection on the ecliptic.

• Galactic Coordinate System: This system uses the so-called galactic plane as
reference plane, i.e. the planar region, where most of the (visible) mass can be found.
The directions perpendicular to the plane point towards the galactic poles, and thus
create a spherical coordinate system. Its coordinates are galactic latitude and galactic
longitude.

• Supergalactic Coordinate System: This system is hardly used for ephemeris
calculations and just mentioned here for completeness.

4Jet Propulsion Laboratory
5The altitude Alt is also referred to as height above horizon HA or h.
6The celestial equator is the plane through the center of the Earth perpendicular to its axis.
7The information given in brackets refers to the variables generally used in the geocentric system.
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Transforming coordinates given in one systems in those of another can be done, but the
formulas for this can be rather complicated. Since not only space but also time matters in
ephemeris calculation, there exist several time systems used in celestial calculations, which
need attention (for more details see for example [92]):

• Julian Date, i.e. the number of days since the first of January 4713 B.C., 12 o’clock
Universal Time or Terrestrial Time, is a common measure in astronomic matters.

• International Atomic Time or Temps Atomique International (TAI) is the time kept
by about 200 caesium atomic clocks around the world from which the definition of
the SI second originates.

• Ephemeris Time (ET) was used in the former definition of the SI-second and in
ephemeris calculation of solar system bodies, but it has been replaced by Dynamical
Time (Terrestrial Time (TT) as well as Barycentric Dynamical Time (TDB))

• Universal Time (UT), a timescale based on the rotation of the Earth, can be seen as
a continuation of the Greenwich Mean Time (GMT), which is the mean solar time on
the meridian of Greenwich, England.

• Coordinated Universal Time (UTC) forms the basis of international civil time keeping.

• Sidereal Time is measured approximately by the movement of the stars, exactly by
the diurnal motion of the vernal equinox.

Several other (minor) effects make ephemeris calculations difficult. The analemma could
be mentioned as an example for these phenomena: Due to the Earth’s tilt on its axis and
its elliptic orbit around the Sun, recording the Sun’s position everyday at the same time
from the identical position leads to the figure of an eight in the sky [93].
Aberration (because of the fact that the observer is situated on the moving planet Earth)
or changes through runtime of the light for long distances are other effects to be considered.
The influence of gravitation on photons is generally negligible.
For these reasons, calculating ephemerides and tracking the Sun precisely is a challenging
task. For example at the CERN Axion Solar Telescope experiment, which will be described
in the following chapter, a software based on NOVAS is used for following the Sun. The
galactic coordinate system as well as the horizontal coordinate system are used. Further-
more, the application of different time systems, such as the Julian Date and the Universal
Time, is necessary. A more detailed description on coordinate and time systems as well as
calculating ephemerides can be found in Ref. [92].

A Brief Introduction to Atmospheric Refraction

A common problem in astronomy is that arriving rays of light are changing their direction,
when entering Earth’s atmosphere. As a result of this phenomenon, called atmospheric
refraction, the apparent coordinates of a given point change on the celestial sphere. To be
more precise the refraction R is defined by

R ≡ z − z′, (3.17)



32 CHAPTER 3. THE SOLAR AXION

Figure 3.7: Atmospheric refraction. h′ denotes the apparent altitude, while h stands for the true height
above the horizon. z′ and z are apparent and true zenith distance respectively. The refraction is marked
by R. The incoming ray is bent towards the surface [92].

where z is the true zenith distance, while z′ is the apparent one. Equivalently, one can
consider the true and the apparent altitude above the horizon, h and h′ respectively, to
determine the refraction:

R ≡ h′ − h. (3.18)

Equation (3.17) and (3.18) are equivalent since z′ = 90◦-h′ and z = 90◦-h.
If the density of the atmosphere is decreasing with altitude, as it is for Earth, an incoming
ray will be bent towards the surface (see Fig. 3.7). The apparent reduction of the zenith
distance depends on the length of the way through the atmosphere and therefore, the re-
fraction is large for objects close to the horizon (z = 90◦), namely about 0.6◦, and decreases
for positions closer to the zenith (z = 0◦), where it reaches the value zero. Thus, if the
Sun has to be filmed close to the horizon, considerable correction for refraction is necessary.

Furthermore, the refraction R depends on various factors besides the zenith distance,
such as atmospheric conditions, geographic latitude and altitude (height above sea level).
Several look-up tables exist giving the values for refraction under specific conditions, see
for example Table 3.1. The exact value of the refraction depends on the refractive index n
and thus on the temperature T [K] and the atmospheric pressure p [hPa] (both at the place
of observation).

The atmospheric refraction can be calculated in degree by using the following formula [92]:

R =
p

60 ·T
{

3.4303
[

z′ − arcsin(0.9986 sin(0.9968z′))
]

− 0.0112z′
}

, (3.19)
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Table 3.1: Refraction as function of height above horizon [92].

h’/degree R/degree h’/degree R/degree h’/degree R/degree

0 0.610 5 0.171 50 0.014
1 0.427 10 0.092 70 0.006
2 0.319 20 0.046 90 0.000
3 0.250 30 0.029

where z′ has to be inserted in units of degree and the factor 1/60 results from a unit conver-
sion of angular minutes to degree8. A change in temperature of ±5 K and a simultaneous
variation of the pressure of the order 3%, will thus change the refraction by less than 5%.
If observing for example the Sun between 5◦ and 8◦ above the horizon, which corresponds
to a time span of about 15 minutes, no such big changes in temperature, pressure and thus
refraction are expected.
For heights above 5◦, a more simple approximation exists:

R =
(1/60)◦

tan(h′)
. (3.20)

It needs to be considered that the precision of this approximation might not be good enough,
however. For example, at a height above the horizon of 5◦ assuming a possible difference in
temperature of 5 K and a variance of the pressure of 3%, the approximation might differ by
up to 25% (almost 0.04◦!), if compared to the result obtained when considering T and p in
Eq. (3.19). This discrepancy decreases rather fast with increasing height above the horizon.
Concluding, it is possible to say that if high precision is needed, it is essential to consider
the temperature and the pressure at the place of observation. This is, for example, the case
for the CAST experiment, when an optical crosscheck of the tracking is performed. More
details will be given in the following chapter.

81 degree corresponds to 60 angular minutes or equivalently to 3600 angular seconds (1◦ = 60′ = 3600′′).
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Chapter 4

The CAST-Experiment

The CERN Axion Solar Telescope (CAST), which is situated at the LHC1 Point 8 of
CERN2 (see Fig 4.1) will be presented in this chapter. As an axion helioscope, CAST
aligns a transverse magnetic field with the solar core to allow axion-to-photon conversion
via the Primakoff effect. In order to obtain enough statistics, the time of magnet axis and
Sun in line should be as long as possible. Thus, a tracking system was designed to follow
the Sun very precisely. Firstly, the general setup of the experiment will be explained, in-
cluding all its major components, namely the magnet, cryogenics and the tracking system.
This will be followed by a description of the X-ray detectors, which form another important
part of the experiment, because they are used to verify the appearance of a photon from
the conversion. Then, a closer look at the solar filming, an independent crosscheck of the
tracking system, will be taken since this is the subject which was to be improved in the
course of this thesis. Finally, an overview will be given for the two phases of the CAST
experiment and accomplished results of the first one will be presented.
As discussed in Chapter 3.2, in order to be sensitive to different axion masses, the coherence
condition has to be fulfilled over the length of the magnetic field. With vacuum inside the
magnet, CAST is able to detect axions up to a mass of about 0.02 eV. This follows from
Equation (3.9) with the values for the magnetic field B and the magnet length L in this
experiment (B = 9 T, L = 9.26 m). For higher masses, the coherence condition cannot be
satisfied anymore in vacuum, but it is possible to restore it by inserting a buffer gas inside
the magnet pipes. Different gas pressure settings allow then to reestablish coherence for
distinct axion masses, because the effective photon mass depends on the gas pressure only
(see Sect. 3.2.1). For the CAST experiment, this means sensitivity up to an axion mass of
0.82 eV. Summarizing, CAST is foreseen to consist of two phases:

Phase I Exploration of the mass region up to 0.02 eV by observing axion-to-photon con-
version in evacuated pipes.
Phase II Extension of the mass range up to 0.82 eV by using a buffer gas with various
pressure settings in the magnet pipes.

1Large Hadron Collider
2Conseil Européen pour la Recherche Nucléaire

35
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Building SR8
at LHC Point 8

Figure 4.1: Location of CAST at the LHC Point 8 in Ferney-Voltaire, France [CERN].

4.1 The Experiment

4.1.1 The Magnet and Cryogenics

For CAST, a decommissioned LHC superconducting test magnet (see Fig. 4.2) forms the
basis of the experiment and functions as an axion telescope. This first generation of the
bending magnets has two straight bores. Each bore of the twin aperture magnet has a
cross-sectional area A = 14.5 cm2. The provided nominal field is 9 T over a length of
9.26 m [95]. More details can be seen in the technical drawing of the magnet used in CAST
(see Fig. 4.3).
The operating temperature of the magnet is 1.8 K. A current of 13300 A is necessary in
order to reach a field of 9 T. Thus, a complete cryogenic setup is required to provide the
superfluid helium needed. The Magnet Feed Box (MFB, see Ref. [96] for a detailed descrip-
tion) is fixed on top of the magnet towards its sunset end, while the other end is closed
by the Magnet Return Box (MRB). Flexible transfer lines for the helium and the quench
recovering system allow movement of the whole structure. The “Potence”, a movable gibbet,
fulfills the same purpose for the power supply lines3.
A quench is an interesting, even though in most cases disturbing4, phenomenon connected

3This structure persistently caused trouble and had to be watched closely by shift workers during magnet
movement periods, i.e. solar tracking, grid measurements, movements to parking position and so on.

4Some data taking runs were lost due to real and fake quenches. The latter ones were triggered by false
warning signals monitored to protect the setup in case of a real quench.
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Figure 4.2: The CERN Axion Solar Telescope in the experimental area. The magnet (blue) is borne on a
platform (green), which is supported on the right hand side by a turntable (olive green) allowing horizontal
movement, while it is carried by two screws at a girder (yellow) for enabeling vertical movement on the
other end (left in image) [94].

Figure 4.3: Cross-section of a twin-aperture LHC dipole prototype magnet with two straight magnet bores
[CERN].
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with superconducting magnets. It is the sudden change from the superconductive to the
normal-conductive state, i.e. an electric resistivity occurs. Sometimes the temperature
increases locally due to small fluctuations or friction, and thus the magnet loses its super-
conductive properties. This will cause further warming due to the occurring resistance.
A rapid increase in pressure is the result. This absolutely requires to have a protection
system in order to safeguard the cryogenic plant as well as the magnet itself. The helium
is generally recovered, but if certain safety limits are reached or even exceeded the helium
is released in order to prevent further damage.

4.1.2 The Tracking System

Two major challenges had to be faced, when implementing the tracking system, which
enables the axion helioscope to follow the Sun: A system to move the whole experiment
of over 40 tons and a reliable software to determine where to put the magnet and actually
direct it to go to the required positions.

Hardware

Mechanical Setup The magnet described in Sec. 4.1.1 is mounted on a platform, which
is composed of two strong metallic supports. The reason for choosing such a setup is to
allow movement of the whole structure in horizontal as well as vertical direction. This
allows an alignment of the magnet axis with the Sun for the longest time possible, and thus
data taking time is maximized. In turn, this increases the amount of available statistics for
data analysis.
The first part of the support for the platform (yellow girder on the left side in Fig. 4.2) is
fulfilling two tasks. First, it moves the magnet along special rails on the floor for an angle
of about 80◦ in azimuthal direction and, in this way, it provides guidance to the platform.
Secondly, it is moving the magnet up and down. This is done by means of two screws
attached to the support. On the other side of the magnet, where the most weight (close
to 40 tons due to the cryogenic MFB) is located, a turntable forms the second support of
the magnet platform allowing it to rotate horizontally (right side in Fig. 4.2). The total
range of movement that can be reached with this setup is ± 40◦ in horizontal and ± 8◦

in vertical direction. The inclination of the magnet is restricted to this latter value due to
mechanical and cryogenic constraints created by the magnet’s internal setup. Consequently,
the magnet can be aligned with the solar core for approximately 1.5 h during sunrise and for
the same period of time during sunset every day. In the course of one year, this results in a
total alignment time of more or less 50 days, if the horizontal range of possible movement
is considered as well.

Motors and Encoders The platform is moved by two motors (one for horizontal, the
other for vertical movement), which are connected to two encoders. The software guiding
the motors/encoders will be described in more detail in the following paragraph. It should
be mentioned that emergency stops were implemented for all directions of movement in
order to protect the complete experimental setup from damage. These stops are hardware



4.1. THE EXPERIMENT 39

Figure 4.4: Operation principle of the NOVAS-based tracking software [97]. With the Universal Time
as well as the coordinates of the experiment given, NOVAS calculates the azimuth (AZ) and the zenith
distance (ZD) of the Sun. The LabView Platform Control converts AZ and ZD into encoder values, which
then guide the motors. For this, look-up tables obtained with the help of the EST division are used.

switches as well as software limits, both meant to prevent the magnet from tilting too much
or derailing while moving.

Software

Tracking Software and Logging of Data The tracking software performs two major
tasks: it is guiding the magnet’s movement and, in addition to this, it is writing relevant
information5 to logfiles utilized for data analysis later on. Fig. 4.4 points out the general
operating principle of the software directing the motion of the magnet. The elaborate
program is written in LabView and based on NOVAS6, a package of subroutines to compute
various astrometric quantities offered by the U.S. Naval Observatory [90]. NOVAS reads
in the UT Time as well as the coordinates of the experiment7 at CERN. Then it calculates
the azimuthal angles (AZ) and the zenith distances (ZD or z) of the Sun for the minute to
come. Following this, the software transforms these values to the corresponding encoder
numbers by using look-up tables for the encoder values Vx(AZ, ZD) and Vy(AZ, ZD). The
motors are then guided to move the magnet to this position. Shift workers can check current
parameters on the user interface (see Fig 4.5) and control the experiment via the program.

Two inputs are especially crucial for an accurate result of the software calculations: the
UT time and the look-up tables. Time synchronization of the host PC’s clock with two
CERN time servers is continuously performed to the order of 1 ms. The look-up tables were
obtained with the help of the EST8 division at CERN. Altogether, ninety magnet positions
were measured and put down in encoder values by the surveyors. Thus Vx(AZ, ZD)-
Vy(AZ, ZD) tables were built with a high accuracy of 0.001◦. Missing interim values in the
tables caused gaps, which were filled, however, by using “Hardy’s multiquadratic”, a spline
interpolation method. The accuracy is always better than 0.01◦, typically, however, around
0.002◦ [98].

5Examples for such pieces of information are ambient temperature and pressure.
6Naval Observatory Vector Astrometry Subroutines
746◦15′ N, 6◦5′ E, 330 m above sea level.
8Engineering Support and Technology
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Figure 4.5: Snapshot of the user interface on the tracking PC in the control room of CAST. In the
upper left corner, the magnet movement is controlled: motors and tracking mode can be switched on,
parking position or galactical coordinates can be entered. Below this, an hourly updated webcam image
of the experiment can be seen. At the bottom left, the solar and magnet movement are shown in Galactic
coordinates as well as in apparent topocentric azimuth and horizontal angle. The right side of the screen
is dedicated to monitor different parameters such as the magnetic field, pressure and temperature. In the
lower right corner, alarms, errors and movement information is given. Access to the filming mode is given
in the central part of the user interface.
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Table 4.1: Summary of possible error sources of the solar tracking precision [3, 97–99].

Source of Error Typical Value Maximal Value

Astronomical Calculations 0.002◦ 0.006◦

Uncertainty of Coordinates (CERN) ≈ 0.001◦

Clock Time ≈ 0◦

Grid Measurements (0.02 mm precision) 0.001◦

Interpolation of Grid Measurements 0.002◦ < 0.01◦

Horizontal Encoder Precision ≈ 0.0014◦

Vertical Encoder Precision ≈ 0.0003◦

Perfect Linearity of Motor Speeds < 0.002◦

TOTAL < 0.01◦

In Table 4.1, a summary of possible errors is given and it becomes obvious that CAST’s
accuracy is designed to be very good [3, 97–99]. Nevertheless, twice a year an additional,
independent crosscheck of the tracking system can be performed. This test, the filming of
the Sun, will be described in detail later in this chapter (see Sect. 4.3).

The Slow Control In the middle of 2003, an additional independent slow control was
designed to be used, because it became necessary to monitor and log more parameters
for controlling the system as well as for analyzing the data. From July 2003 on, more
information, such as the status of the valves, the load on each of the screws and the
position of the magnet in encoder values, was recorded. Furthermore, an alarm system
was established to keep important informations for the operation of the experiment under
surveillance and alert people in charge, if necessary. Like the tracking software, the slow
control (SC) is written in LabView.

4.2 The Detectors

In order to detect the X-ray photon originating from the axion-to-photon conversion in
the magnetic field, several low-background detectors are used. Their sensitivity range is
between 1 and 10 keV. A TPC (Time Projection Chamber) is located at one end of the
magnet, covering both magnet bores, in order to detect photons from sunset axions. On
the other side of the setup, where sunrise axions are searched for, two more detectors are
mounted. One bore is covered by a MICROMEGAS (MICROMEsh GAseous Structure)
detector, while at the other a CCD (Charge Coupled Device) detector is looking for photons
from axions. A special feature of the latter device is an X-ray mirror telescope added
in between the magnet and the detector to focus the incoming photons on the sensitive
chip. All detectors are taking data during about 1.5 hours per day, either in the morning
or in the evening, depending on the side they are mounted on. During the remaining
time, background measurements are performed and thus, the background for the individual
detectors is measured with an exposure time that is approximately 10 times higher than
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the one for data taking.

4.2.1 The Time Projection Chamber

The TPC used at CAST, which is taking data during sunset runs, is a conventional type of
this kind of three-dimensional tracking detectors, often also referred to as electronic bubble
chamber, due to the information it is able to provide. The principle detection mechanism
of a TPC combines ideas from both Multiwire Proportional Chambers (MWPC) and drift
chambers. The central part is a gas-filled volume, where incoming particles interact and thus
produce free electrons. These drift towards a net of anode wires and produce an avalanche
due to the strong electric field. This increases the strength of the signal there. The first
coordinate is obtained from the firing anode wire, the second from the signal induced on
the cathode pads, while the third one is derived from the drift time.

Technical Details

The dimensions of the TPC’s conversion volume are 10×15×30 cm3, where the drift region
of 10 cm is parallel to the axis of the magnet and the area of 15× 30 cm2 is perpendicular
to this direction. The volume is filled with a mixture of 95% Argon (Ar) and 5% Methan
(CH4) at atmospheric pressure, allowing essentially total conversion (> 99%) of X-ray
photons9 up to 6 keV. In more detail, the basic setup of the detector, as it can be seen in
Fig. 4.6, consists of a drift electrode made of aluminum close to the magnet as well as an
arrangement of 3 planes:

• The anode plane at +1.8 kV with 48 wires (having a diameter of 20 µm each)

• Two cathode planes at ground with 96 wires (having a diameter of 100 µm each)

The distance between two adjacent wires of the same plane is 3 mm, the gap between the
first cathode and the anode plane is 3 mm, while the one between the anode and the more
distant cathode plane (with respect to the drift electrode) is 6 mm.
The predominant material used for the chamber is plexiglass (low natural radioactivity),
some metallic parts and pieces of other materials, such as the wires, the PCB10 holding the
wires and the screws which keep the chamber together, could of course not be omitted.

Windows and Differential Pumping

The TPC is connected to each magnet bore through a thin window (3 or 5 µm of mylar on
a metallic strongback). This is necessary, because of the 1 atm pressure difference between
the gas in the detector volume and the vacuum inside the magnet. In order to decrease gas
leaks towards the magnet and to protect the windows themselves, a differential pumping
system was added in 2004.

9For higher photon energies, the conversion efficiency decreases reaching 50% for 11.5 keV.
10Printed Circuit Board
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Anode plane of wires
Cathode planes of wires

Field shaping ringsWindows for X-Rays

Figure 4.6: Technical Design of the TPC [100]. The X-ray photons from axion-photon conversion enter
the detector through two windows connecting the two magnet bores and the TPC. The two cathode planes
(at ground) as well as the anode plane (at +1.8 kV) can also be seen in the drawing.

Figure 4.7: TPC with shielding added before data taking runs in 2004 [100].It is possible to see all layers
of the shielding (copper box, lead, cadmium and polyethylene).
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Active and Passive Shielding

Active and passive shielding were added as well in 2004 to reduce the background of the de-
tector. The passive part consists of several layers (from inside to outside): copper (5 mm),
lead (2.5 cm), cadmium (1 mm), polyethylene (2.25 cm) and a plastic covering to flush the
interior with pure N2 gas (see Fig. 4.7). The shielding is able to stop various passing parti-
cles. Furthermore, an active part (veto) was installed to reject muons inducing background
in the TPC. The background between 1 and 10 keV is now a factor 4.7 below the one of
the TPC without any shielding.

Calibration and Data Taking

Four times a day, the TPC is automatically calibrated using a low-energy X-ray source.
Data was taken in 2003 and 2004, while the amount of the latter year was five times larger
than the data taken in the preceding year. Overall, the total amount of data acquisition in
2003 and 2004 together was 3408 h for background and 203 h for tracking measurements.
The advantages of the TPC used at CAST are obvious:

• Stable performance due to robust and well-known conventional design

• Low background due to implemented shielding

4.2.2 The MICROMEGAS Detector

The second gaseous chamber used at CAST is smaller than the TPC and has an innovative
MICROMEGAS readout [101]. It is attached to one of the two magnet bores, such that
the detector is facing the rising Sun. Unlike the TPC, the MICROMEGAS does not utilize
a plane of wires but a micromesh to separate the two distinguished regions. The principle
of operation such a detector uses is shown in Fig. 4.8.
After passing the drift electrode, the incident particle will produce ion-electron pairs within
the conversion region, which is separated from the amplification gap by a grid: the mi-
cromesh. In order to reach a high electron transmission to the amplification region, a
voltage of up to 500 V is applied. An avalanche process will occur after the mesh is passed
and the grid will keep the ions produced in the avalanche from re-entering the conversion
region. It so collects the ions, which provides the first readout (utilizing a Flash ADC),
while the electrons continue their way to the anode, where they are readout on a novel
structure of x-y strips.

Technical Details

The frame of the detector used to search for photons from Primakoff conversion is made
of plexiglass. The electrodes are attached to it. The conversion region is 25 mm thick, the
amplification gap 50 µm. The mesh consist of 5 µm copper, its holes have a size of 25 µm
with a separation distance of 50 µm. For the readout, there are 192 x-strips and the same
amount for the y-direction. The pitch is ≈ 350 µm. As gas, a mixture of argon with 5% of
isobutan is used.
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Figure 4.8: Schematic view of the MICROMEGAS detector used at CAST. The conversion gap of 25 mm
is divided from the amplification region (about 50 µm) by a micromesh. For the signal readout x-y strips
are used (bottom) [3].

Figure 4.9: Blown-up view of the Micromegas detector at the CAST experiment. All components are
clearly separated. The attachment to the magnet was accomplished via an aluminum tube of about 1 m
length and a flange. A direct installation at the bore was not possible, because everything (CCD, X-ray
telescope, Micromegas) had to be arranged, such that it fitted on a platform together [3].
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Windows and Differential Pumping

Being a gaseous detector, two windows (polypropylene, 4 µm each, one is aluminized and
serves as cathode) are needed to connect the MICROMEGAS with the magnet volume
(vacuum), while aiming for maximal transparency for low energy X-rays as well as minimal
leaking. As with the TPC, differential pumping is applied to achieve the latter goal. A
blown-up view of the detector is shown in Figure 4.9.

Calibration and Data Taking

In addition to daily data taking, calibration and pedestal11 runs were performed by workers
on morning shift. Altogether, the amount of usable data taken were 75 h (178 h) of
tracking and 750 h (2404 h) of background data in 2003 (2004), which leads to a total of
253 h following the Sun and 3154 h acquiring non-tracking data. The major advantages of
Micromegas are various:

• High stability and efficiency

• Good resolution of both energy and position

• Fast response

A detailed detector study of the Micromegas at CAST and the analysis of the data obtained
in 2003 and 2004 by this detector can be found in Ref. [3].

4.2.3 The X-ray Telescope and the pn-CCD Detector

The most sensitive detector setup at the CAST experiment consists of a focusing X-ray
mirror telescope and a Charge Coupled Device (CCD, see Fig. 4.10). It is situated at
the remaining fourth end of the two magnet bores. Both parts were originally designed as
prototypes for X-ray astronomy [102,103]. This system takes data during morning runs: the
telescope focuses the incoming photons from axion conversion to a spot of approximately
6 mm2 on the CCD. Due to the interaction of the X-rays with the silicon atoms of the
pn-CCD, electrons and holes are created and kept separated by strong electric fields. The
electrons are captured in small potential wells below the surface and can be transferred
to the readout chip by being shifted from one well to the next, conserving the charge
distribution pattern achieved in the ionization process (see Fig. 4.11). A more detailed
description of pn-CCDs in general is given in Ref. [104] and references therein.

The X-Ray Telescope

The focusing device used at CAST is a Wolter I type X-ray mirror telescope, which was a
prototype of the German X-ray satellite mission ABRIXAS12 [102, 105]. It consists of an
arrangement of 27 nested parabolic and hyperbolic mirror shells made of gold coated nickel

11Pedestal runs are equivalent to the mean value of the charge measured by the strips without real triggers
given. Thus they are important for the correct readout of the strips [3].

12A BRoad band Imaging X-ray All-sky Survey
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Magnet Bore

X-Ray Telescope

pn-CCD DetectorVacuum System

Figure 4.10: The X-ray telescope and the pn-CCD at CAST. They are mounted to one bore (left) of
the superconducting magnet. The telescope is situated inside the tube visible in the middle of the picture,
while the CCD detector is attached to the end of the tube (right). The vacuum system can be seen as
well [109].

Figure 4.11: Inside the pn-CCD. X-Rays hit the device from the backside (here: bottom). The electrons
are captured in potential wells and can then be transferred to the readout [104].
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Figure 4.12: Schematic view of the Wolter I type telescope used at CAST. One sector of the telescope is
used since the magnet bore diameter is 43 mm only. The functional principle is based on [108].

(see Fig. 4.12 and Fig. 4.13). The diameter of the shells varies from 76 mm to 163 mm from
the innermost to the outermost shell, respectively. A cobweb-like structure supports the
shells (see Fig. 4.13). Only one of the six sections is used at CAST, because the diameter
of the magnet bore is 43 mm only. The focal length of the telescope is 1.60 m and it is
operated under vacuum conditions at a pressure of less than 10−5 mbar to prevent the
mirror shells from contamination13 [106].
By focusing the photons coming from the magnet to a small spot, the signal to background
ratio is enhanced by a factor of 200 (the signal to noise ratio by a factor of 14), but at the
same time a high precision of the tracking14 is absolutely essential in order to achieve good
results using the telescope in combination with the CCD detector at CAST [107].

The pn-CCD

The pn-CCD detector is located in the focal plane of the X-ray telescope. It is a prototype
developed for the XMM-Newton15 mission of ESA16 [104]. The performance of the detector
was optimized to fulfill the demands of low background application by adding passive
shielding (copper and lead, see right image in Fig. 4.14) as well as by improving the software
background rejection (based on a pattern recognition algorithm). For a summary of specific

13The composition of the residual gas is an additional critical factor here.
14The desired tracking precision has been the subject to many lively discussions. In order to get the

image blurred over not more than 4 pixels on the CCD chip (which is already quite a lot), the accuracy
should be always better than 1.2′, i.e. 0.02◦ [106].

15This name derives from the X-ray Multi-Mirror design used and is meant to honor Sir Isaak Newton.
Formally, it was called High Throughput X-ray Spectroscopy (HTXS) Mission.

16European Space Agency
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Figure 4.13: Front view of the mirror system with cobweb-like support for the 27 mirror shells. The
diameters vary from 76 mm up to 163 mm [109].

detector parameters see Tab. 4.2.
The CCD chip with a sensitive area of 2.88 cm2 (see left image in Fig. 4.14) is larger
than the expected image of the solar core (0.2 R⊙, which corresponds to approximately
19 pixels= 2.83 mm), where most axions are expected to come from. Due to this fact, it
is possible to measure a potential signal from axion to photon conversion and background
simultaneously using the surrounding area. Systematic errors can thus be reduced. The
CCD is operated at −130◦ C using a cooling mask in vacuum.

Calibration and Data Taking

Every morning before solar tracking, a calibration with a 55Fe source is performed by the
shift personnel. Data was acquired in 2003 and 2004. While the analysis for the first year
is already completed, evaluation of the latter one is still ongoing. The total amount of
data taken was 2956 h for background and 300 h for tracking measurements. The major
advantages of this detector setup are:

• High quantum efficiency

• Improvement of the signal to background ratio by a factor of about 200 due to focusing
with an X-ray telescope

• Very good spacial and energy resolution
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Table 4.2: Detector Parameters of the pn-CCD [109].

Detector Parameters

Geometry 200 × 64 Pixels
Pixel size 150 × 150 µm2

Sensitive Area 2.88 cm2

Depletion Depth 280µm
FWHM 175 eV @ 6 keV
Efficiency (1 − 7 keV) > 95%
CCD Temp. −130◦ C
Cycle Time tint 71.775 ms
Readout Time tread 6.06 ms

Cooling Mask
pn-CCD Chip

Flexlead

Cold Finger

Figure 4.14: Left image: CCD chip with gold plated cooling mask, that is connected to a cold finger of
a Stirling cooler device. Right image: Inner shielding components of the pn-CCD (lead and copper). An
additional layer of lead outside the detector housing further reduces background. The vacuum components
are attached on the right side of the vessel [109].
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Figure 4.15: Schematic view of the High-Energy Calorimeter [110]. A large inorganic scintillating crystal
(CdWO4) of about 0.6 kg is used together with a low-background photomultiplier tube. An active muon
veto and a borated thermal neutron absorber are shown as well here.

4.2.4 Addendum: The High-Energy Calorimeter

In 2004, a high-energy calorimeter was installed at CAST close to the MICROMEGAS . It
was intended to search in parasitic mode for axions or axion-like particles of higher energies
than the ones the three X-ray detectors are looking for. The sensitivity region for gammas
induced by axions ranges from ≈ 100 keV up to ≈ 150 MeV. A schematic drawing of the
0.6 kg CdWO4 (CWO) calorimeter is shown in Figure 4.15.

4.2.5 The Field of View

After having taken a closer look at the detectors, it is useful to consider the field of view
(FoV) the magnet can provide, if its cold bore is considered to be the limiting optical
element.
It can be calculated (see Fig. 4.16) using:

α = 2 arctan
d

L
(4.1)

where α denotes the opening angle, i.e. the field of view, d is the bore diameter (d = 43 mm)
and L the magnet length (L = 9.26 m). A fully illuminated FoV of approximately 0.53◦

can be achieved. Neither one of the detectors has its sensitive area directly attached to
the magnet bores: For Micromegas an extension of > 1 m is used, while for the CCD the
telescope separates the end of the magnet pipe from the sensitive area of the detector. For
the TPC, the extension is shorter, but still its sensitive part is not directly at the magnet
bore. Due to this fact, vignetting effects occur and the FoV of all detectors is therefore not
fully illuminated.
If no telescope was used, the FoV of the full CCD chip, which is about 0.34◦, would be
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Figure 4.16: Field of View α of the magnet. FoV1 denotes the fully illuminated field of view, while for
the detectors due to the distances between the bore and the sensitive part a partly vignetted field of view,
FoV2, is obtained. α can be calculated and is about the size of the Sun (0.5◦).

able to cover about 64% of the entire Sun (≈ 0.53◦). The telescope, however, focuses the
incoming converted photons to a spot with a diameter of about 19 pixel, i.e. a disk of 20%
of the solar radius is imaged on the chip [106]. Thus, it should be stressed once more that a
very high accuracy of the tracking system is essential, in order to be able to observe axions
originating from the solar core (10-20% of the Sun). The precision has to be at least as
good as 0.02◦.

4.3 The Solar Filming

4.3.1 Filming at CAST: An Overview

When the tracking system was just about to be finished, first calls for an independent
crosscheck of the tracking accuracy were voiced. The first suggestion to do this by using
an optical instrument was made in July 2002. Basically, the idea was to cut a window in
the wall of the experimental area facing northeast-east, align a camera with the axis of the
magnet and directly film the Sun, while following it. One important thing to consider is
refraction of light in the atmosphere, which does not occur for axions, since they do not
noticeably interact with air. Consequently, two different versions of the tracking program
were necessary: one should correct for refraction (while filming) and the other should not
do so (while regular tracking).
Ever since the window was cut, the possibility to film the Sun twice a year, namely in
March and September, was used six times up to the present day (Fall 2002, Spring and Fall
2003, Fall 2004, Spring and Fall 2005), although some difficulties were encountered. Bad
weather conditions and trees blocking the view have been just two of the facts complicating
the filming of the Sun.

4.3.2 The System to Film the Sun

The Filming Software

The version of the tracking software for filming can be accessed via the normal user interface
of the tracking PC (see right part of Fig. 4.17). People on shift have to start it manually
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Figure 4.17: Filming software implemented in the tracking program (User Interface on tracking PC). If
the Sun is within the range of movement of the magnet, a green light can be seen. Any occurring error will
show up by a light as general failure. In order to activate the Filming Mode of the software, the “Film the
Sun” button has to be pushed. The Filming Help button provides additional information on pressure and
temperature, which have to be entered. If done so, the refraction correction is displayed and logged as well.

and insert the pressure p and temperature T for the location of the experiment, which are
taken from the internet [111]. In addition to this, the zenith distance ZD is known, since it
is calculated by NOVAS. So the aberration in the atmosphere can be taken into account in
real-time, which means as a function of ZD, p and T . The atmospheric refraction correction
can be predicted given this input with an error of less than 0.00025◦, even when being close
to the horizon at low altitudes [98,99].

The First Setup

The setup for the filming of the Sun used until Spring 2005 was rather inventive. A webcam
attached to a small optical telescope (see Fig. 4.18) was aligned with the magnet by means
of fixing the telescope within a sphere. Having the same dimensions as the Taylor-Hobson
spheres (TH-sphere17, see left image in Fig. 4.19) used by the surveyors of the EST division
at CERN, it was possible to align the optical axis of the setup with the magnet by the help
of the geometers. A pointer was used in order to analyze the pictures of the webcam: it is
checked if the tip of the pointer is in line with the center of the crosshairs installed within
the telescope (see for example right image in Fig. 4.19).

4.3.3 A Chronology of Filming

Starting the Fun The first optical crosscheck was performed at the end of September
2002. Although many improvements were to come, this first approach already showed that
the magnet was pointing towards the Sun and seemed to be well-centered.

Further Opportunities to Film In March and September 2003, the procedure was
repeated and some limiting factors became more obvious. Beside the usual suspects causing
trouble, such as the trees, the weather conditions, a girder in the window, and a helium

17A TH-sphere is a sphere of standard radius (r = 1 3/4 inch ≈ 44, 45 mm) with an illuminated center
used in surveying, most of the time in combination with a theodolite.
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(with USB connection to PC)

Figure 4.18: Picture of the complete setup used for filming the Sun until Spring 2005 consisting of an
optical telescope fixed within a standard Taylor-Hobson sphere, a webcam attached to it and polarization
filters.

tank outside the experimental hall, it turned out that the precision of the setup’s alignment
with the magnet axis was restricted due to the limited resolution of the webcam: The bright
spot in the center of the observed TH-sphere was broadened considerably (see Fig. 4.19).
An error of about 5 mm at a distance of approximately 5 m, i.e. an error in the angle
of ≈ 0.05◦, resulted from this. Errors from the picture analyses are not included in this
number. Unfortunately, the problem would remain as long as the webcam was used. But
the good news were that, within this precision, the magnet was aiming at the solar center
in March 2003, which was a very satisfying result. As a special feature, a movie of this
filming was produced and can be watched online [112]. During Fall of the same year,
some problems occurred when analyzing the pictures. An offset of the hairline center was
observed, implying a possible displacement of as much as 30% of the solar radius for the
magnet alignment to the Sun. As a possible cause a hysteresis18 of the magnet movement
system was under suspicion. However, reanalysis of the pictures showed that the chosen
treatment of the pictures strongly influenced the outcome. The position of the crosshairs
depended strongly on the image chosen as a reference for comparison with the Sun picture.
Also by varying the brightness, one could change the apparent shape of the Sun considerably,
hence “proving” almost any result. Finally, it turned out after further careful analysis that
CAST was still pointing at the Sun. Nevertheless, improved optics were desirable for better
accuracy.
One more filming was performed with the same setup in September 2004, after missing

18Hysteresis here means the inability to return to the same position in space with the magnet by going
back to the same encoder values.
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Figure 4.19: Left image: Taylor-Hobson-Sphere (TH-sphere) as it is used by surveyors. Right image:
Alignment of the webcam/telescope with TH-sphere. It can be seen that the small spot of light in the
center of the sphere is broadened due to the resolution of the camera.

out in March 2004, due to mechanical constructions in the experimental area. This time,
however, a huge effort was made to put the camera in three different positions in order
to find the best place for a new setup. It was possible to locate a position providing the
clearest view and the longest time window for filming. The first position, situated on top of
the magnet in front of the MFB, had to be slightly higher than in previous years, because
the newly arranged TPC shielding was blocking the view of the webcam if mounted in the
old position. Another platform was installed to one side of the experiment19, allowing the
camera to be put there at two different heights (see Fig 4.20 and Fig. 4.21). Analyzing the
acquired pictures showed that, within the given precision, CAST was pointing at the Sun
(see Fig. 4.22).

4.3.4 Outlook

Building on the experience gathered from previous filming sessions, a new setup was de-
signed, improved and used from Spring 2004 on. The modifications made, performance of
the new setup as well as the analysis of the data will be presented in the following chapters.
An improvement of the filming system was crucial, since a reliable crosscheck of the tracking
system with high precision was needed, due to the fact that a very good tracking accuracy
is essential in order to ensure that the Sun is in the field of view of the detectors. Thus,
the new setup was intended to prove for sure that CAST is pointing at the Sun. Before
more details will be given, a short overview on CAST’s achievements during its first phase
and the current status of preparations for the second phase will be given.

19The two sides of the experiment, i.e. left and right of the magnet axis, are named after the site they
are facing: Jura and the airport. The platform was installed on the Jura side, i.e. towards West.
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Figure 4.20: Positions of the optical setup during filming in September 2004. The first platform is on top
of the magnet, while the second one is mounted towards the Jura side [Picture courtesy of the EST division
at CERN].

Figure 4.21: Left image: First position of filming the Sun in September 2004 on top of the magnet. Middle
image: Second position towards the Jura side. A vertical extension of 50 cm is used. Right image: Third
position. The camera is in the same place as the second position, but no vertical extension is used.
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Figure 4.22: Result of the analysis performed in Fall 2004 by T. Papaevangelou.
The precision is 3-5 mm/5 m, which corresponds to 0.03◦-0.06◦, i.e. 1.8′-3.6′.

Table 4.3: Data sets of the 2003 data taking period [69]

Data Set Tracking
Exposure

Background
Exposure

(g4
aγ)bestfit

(± 1σ error)
χ2

null/d.o.f. χ2
min/d.o.f. gaγ(95%CL)

(h) (h) (10−40 GeV−4) (10−10 GeV−1)

TPC 62.7 719.9 −1.1 ± 3.3 18.2/18 18.1/17 1.55
MM set A 43.8 431.4 −1.4 ± 4.5 12.5/14 12.4/13 1.67
MM set B 11.5 121.0 +2.5 ± 8.8 6.2/14 6.1/13 2.09
MM set C 21.8 251.0 −9.4 ± 6.5 12.8/14 10.7/13 1.67
CCD 121.3 1233.5 +0.4 ± 1.0 28.6/20 28.5/19 1.23

4.4 First Results of CAST and Prospects

4.4.1 Phase I and its Results

Phase I started data taking in 2003 and concluded at the end of 2004. The analysis of
the first year’s data is already finished and published [69]. A summary of these data sets
measured by the different detectors is given in Tab. 4.3. No significant excess of signal
over background could be observed but an improved upper limit on the axion-to-photon
coupling gaγ could be set combining the results of the three X-ray detectors:

gaγ < 1.16 × 10−10GeV−1(at 95% CL for ma < 0.02 eV) (4.2)

This result is already 5 times more stringent than the ones achieved by previous laboratory
experiments and it is comparable to constraints from astrophysical considerations. It will
be further improved by the analysis of the 2004 data (see Fig 4.23).
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4.4.2 Preparations for Phase II

With the setup of Phase II, the CAST experiment will improve the upper limit on gaγ in
an extended axion mass range, and, for the first time, a laboratory experiment will have
the opportunity to enter the axion model zone (shaded band in Fig. 4.23).
As a first step 4He will be inserted in the magnet bore. 4He will be usable at 1.8 K for
pressure settings up to about 6 mbar before liquefying (74 steps with ∆P = 0.08 mbar will
be applied). Then, 3He will be used at up to 60 mbar (590 pressure settings in steps of
0.08 − 0.1 mbar are planed).

The sensitivity of CAST for determining gaγ depends basically on two things: the
available time to measure with each pressure setting and the number of steps in the pressure
increment.
Each pressure setting gives a narrow distribution around the corresponding axion mass to
determine a gaγ-limit (see Fig. 3.6). Partly overlapping distributions in the mass range
determine the number of pressure settings. The more time and the more steps, the better
will be the limit on gaγ in the newly explored axion mass range, i.e. gaγ will decrease.
For an exclusion plot, i.e. if no signal is observed, the 2σ-limit on gaγ in the simplest scenario
(Gaussian distribution) can be used and thus the dependence of gaγ on the observation
time t can be obtained utilizing Equation (3.16) as

gaγ ∝ 8
√

1/t . (4.3)

Thus the larger t the smaller, i.e. the better, will gaγ be. Furthermore, this implies that
measuring e.g. t=1 day (instead of 28 = 256) will worsen the upper limit on gaγ by a factor
2 only.
For 3He, even more steps are needed to cover the desired mass range and thus, within the
available time, the limit on gaγ will increase. This can be seen in the steps visible in the
exclusion plot (see Fig. 4.23).

At the moment, a new gas system for 4He and 3He is about to be built and novel
“cold windows” to protect the detectors from the cold He gas in the magnet bore will be
implemented in the experimental setup. Additional X-ray optics for one of the detectors
(Micromegas) are designed to be used, leaving CAST with two X-ray focusing devices for
its second phase.
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Figure 4.23: Exclusion plot of the axion to photon coupling constant (at 95% CL) obtained from the
2003 data of CAST. The result is more stringent than other laboratory constraints. Theoretical models
are represented by the shaded band. Prospects for CAST’s second phase, which will enter the axion model
zone, are shown as well [69].
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Chapter 5

Filming the Sun: Spring 2005

For March 2005, a new setup for the solar filming was designed, tested and used for the
first time. To start with, the components of the system will be presented, in order to show,
which improvements have been achieved and were subject to testing in Spring 2005. The
alignment with the magnet and the actual data taking will be described. Furthermore, the
performed analysis of the pictures will be presented in this chapter. Special problems, which
occurred either during filming or analyzing, will be discussed. These were difficulties, such
as the influence of changing the focus settings and an apparent distortion of the shape of the
solar disk in some pictures. Finally, results will be given and conclusions drawn. Basically,
the filming in March 2005 can be considered as a test for the new setup, especially because
the magnet was not in its usual operating condition, due to the start of modifications of
the experiment to make it ready for its second phase. The opportunity was taken to test
as many different conditions for the filming as possible in order to be well prepared for the
Fall 2005, the next chance to observe the Sun.

5.1 The new Setup for Spring 2005

5.1.1 The Initial Situation

As a starting point for improvements of the solar filming system, the setup described in
Chapter 4.3 was given (see Fig. 4.18): a standard webcam, an optical telescope fixed
inside a sphere with the specifications of a Taylor-Hobson sphere (TH-sphere1) and three
polarization filters (linear and circular). The basis for the best possible position of a new
setup was the platform on the Jura side, located at a distance of 1014 mm to the left of
the magnet tube V1 and at a height of 408 mm above the same pipe (see Fig. 4.20).
The most motivating aspects for a new setup were the limited resolution of the webcam
and problems with the alignment of the camera and the attached telescope with the magnet
axis. The limited resolution had hitherto restricted the achievable precision of the solar

1The notation TH-sphere will be used in the following to describe a sphere with the dimensions of a
standard Taylor-Hobson sphere as described in Section 4.3.2 and Figure 4.19 (p. 55), which might however
hold a telescope or crosshairs.

61
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Figure 5.1: Best available view from the side platform for the new setup as tested with the web-
cam/telescope in Fall 2004. The Helium tank can bee seen in the lower part of the window, while the
girder in the middle is partly hidden behind the yellow structure supporting the magnet.

filming. The alignment turned out to be difficult, because the system had to be brought
into a position such that the center of the crosshairs within the telescope matched with the
light spot in the center of a standard Taylor-Hobson sphere at about 5 m distance as well
as with the tip of a pointer, which was approximately 7.6 m away from the camera. Once
aligned as well as possible, the webcam had to be screwed to the surveyor’s cup for Taylor-
Hobson spheres in which it was sitting. It was difficult to keep the camera in the aligned
position while fixing it. Additionally, in the course of performing the fine adjustment of the
alignment, the focus had to be changed by turning the ring which fixed the webcam to the
telescope. This changed the alignment as well, since the system was slightly moving in the
course of touching the focus ring.
Predictable complications for a new setup, which were already present in the old system,
were given by the environment of the experiment and had to be minimized as far as possible.
Trees in a nearby wood outside the CAST experimental area have been obstructing the view
of the Sun (more during the period of filming in Fall than in Spring because of the foliage).
Furthermore, the window through which the Sun can be filmed is separated in two pieces
by a steel girder, which cannot be removed since it is a support structure. Unfortunately,
narrowing the time window of possible Sun observation even further, a Helium tank placed
right outside the experimental area blocks the view in the lower to middle part of the
window (depending mainly on the height of the camera position). However, these limiting
factors were minimized by the choice of the position of the new setup and thus quite a good
view could be achieved, at least for the left part of the window, as can be seen in Figure 5.1.
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Figure 5.2: The ST-7 from SBIG [114]. When used at CAST, the camera is turned upside-down, which
in principle does not make any difference and was just done for technical reasons such as to have better
access to the power supply, USB connection and so on.

5.1.2 The CCD Camera and the Optics

The main objective for improvements was a new camera with appropriate optics, which
could be borrowed from the MPE2 for Spring 2005 in order to test if it would work for
the purposes of CAST. The camera, an ST-7E from SBIG3, is a CCD camera with two
sensitive chips: one for imaging and one for guiding the camera if it is used in astronomic
photography. For the filming of the Sun at CAST only the imaging chip was used, which
is a Kodak KAF0401E with 765 × 510 pixels of a size of 9 × 9 µm2, hence resulting in an
total dimension of about 6.89 × 4.59 mm2.
An image of the outer appearance of the camera can be found in Figure 5.2, while technical
drawings are to be found in the Appendix A (Fig. A.1 and A.2). More technical details are
given in Ref. [114].
In combination with the ST-7E, Olympus optics (OM-System, E. Zuiko, Auto-T, 1 : 4) of
200 mm focal length were used (see Fig. 5.3 for outer dimensions). Attached to the CCD
camera by a special adapter ring from SBIG with a thread on the camera side and a bayonet
connection on the lens side, the Olympus optics can be focused to distances between 2.5 m
and infinity (beyond 30 m). It should be mentioned that the bayonet connection caused
some troubles, because it was not as rigid as it was supposed to be and thus the optics
were not completely fixed in a position perpendicular to the camera resulting in shifts of
the picture.
The field of view resulting from this combination of CCD camera and optics in arc seconds
per pixel can be calculated as [114]:

Field of View =
20.6 × pixel size [µm]

focal length [cm]
=

20.6 × 9

20
[arcseconds] = 9.27 ′′ ≈ 0.026◦,

2Max Planck Institute for Extraterrestrial Physics in Munich
3Santa Barbara Instrument Group
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Figure 5.3: Olympus optics of 200 mm focal length. On the right side the adapter ring to attach the
lenses to the ST-7E can be seen [115].

where the factor of 20.6 results from a unit conversion of radian to degree. The field of
view for the whole chip is therefore approximately 1.31◦ × 1.97 ◦. The Sun (with a size of
≈ 0.5◦) can thus be imaged completely .
In order to appreciate the improvement achieved by using this new camera, an alignment
picture of both the old and the new setup is shown in Figure 5.4.
To protect the sensitive CCD-chip by reducing the intensity of the incoming light in the
visible spectrum and in order to have a better view of the Sun, different filters were tested:

• A special solar filter foil used for observations of the Sun by eye or camera (Transmis-
sion4 of about 0.001% or, equivalently, an optical density5 of approximately 5.00).

• A glass filter of unknown transmission (optical density), however less than 0.001%
transmission, i.e optical density larger than 5.00.

• Kodak Wratten Gelatin filters with transmissions of 32%, 13%, 10%, 1%, and 0.1%
corresponding to optical densities of 0.50, 0.90, 1.00, 2.00, and 3.00.

The filters were placed right in front of the optics. However, there was some space, and thus
air, in between the lenses and the filters and furthermore, the optical axis and the filters

4The transmission T is the ratio of the output energy of a filter to its input energy expressed in terms
of percentage.

5The optical density D is the reciprocal of the transmission T expressed in logarithmic terms: D =
log

10
(1/T ).



5.1. THE NEW SETUP FOR SPRING 2005 65

Figure 5.4: Left image: Picture of the standard Taylor-Hobson sphere taken with the old setup (Webcam
with telescope) in Fall 2004. Right image: Alignment picture focused to 5 m (Crosshairs) taken in Spring
2005 with the ST-7 and the Olympus optics.

might have been not exactly perpendicular, possibly resulting in aberration, especially for
the thicker glass filter. Combinations of different filters were used as well.

5.1.3 The Platform and the Camera Support

The new camera demanded the design of a support to hold it. The idea was to construct
it in a way, such that both translation and rotation of the ST-7 were possible. In the
three spatial directions ≈ 1.5 cm total movement for each direction was provided, while the
camera could be rotated for about 25◦. This simplifies the fine-adjustment of the alignment.
The 3D-support can be seen in the left image of Figure 5.5.
In order to use the best possible view, it was necessary to be in the axis determined in
Fall 2004 with the old setup. This however implied, due to the new support, that a novel
platform was needed at a lower level than the former one to compensate for the height of
the 3D-mounting. The new platform was attached to the already existing side platform (see
Fig. 5.5, right image). The adjustment turned out to be a bit difficult and in addition there
were some concerns, if the weight of the new platform, the support and the camera would
twist the original carrier they were fixed to. This, however, was ruled out by surveyors’
measurements.
Technical drawings of the support and the platform can be found in the Appendix A
(Fig. A.3 and Fig. A.4 respectively).

5.1.4 The Crosshairs and the Pointers

Since a new system to align the camera with the magnet bore should be used (more details
in Sect. 5.2.1), it was necessary to have a target like the Taylor-Hobson sphere, but with
the possibility to view a second target, i.e. a pointer, through this device. Therefore, a
sphere of the desired standard size was built with two copper wires inside (∅ = 0.3 mm
each), crossing in the center of the sphere (see Fig. 5.6). This defines an exact point, which
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Figure 5.5: Left image: The 3D-support for the ST-7. Movements in the 3 spatial dimensions and rotation
of the camera are possible. The optics (attached to the camera) can be seen in the upper right part of this
picture. Right image: Platform used as a basis for the 3D-support and the ST-7 itself, in a way to allow
for a clear view of the Sun through the window.

does not change if the sphere is rotated. It can be used as a reference. Illumination of the
sphere in order to improve the visibility of the wires was possible, but in tests it turned out
that it was easier to see the wires without lights due to reflections caused by the copper.
As a second target, two pointers were available from the old setup. The first pointer, a
rather roughly cut one from aluminum, was exchanged in the course of filming in Spring
for a second, very precise pointer within a disk. Its tip marks the center of the circle as it
is given by the disk (see Fig. 5.7).

5.2 Alignment and Data Taking

5.2.1 The Alignment of the Setup

In addition to the usage of the new setup, a novel way of alignment was chosen. The basic
principle was to align the camera by utilizing both targets (crosshairs and one pointer) at
the same time, thus applying the same principle as it is used for aiming with a rifle (rear
and front sight). The geometers aligned the pointer and the cross wires with the magnet
axis and then the camera was brought into its position on the same axis by overlapping the
tip of the pointer and the center of the crosshairs. This crossing point in the pictures will
be called the reference point and it will indicate where the magnet is actually pointing.
The alignment of the two targets was performed in height as well as in distance of the
magnet tube V1, which is the Jura side pipe of the two available ones (see Fig. 5.8). A
point for the surveyors’ reference on the side platform in front of the camera was used for
this purpose.
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Figure 5.6: Crosshairs inside a standard Taylor-Hobson sphere used as a target in 5 m distance from the
camera.

Figure 5.7: Left image: Roughly cut aluminum pointer. Right image: Precise Pointer indicating the
center of the disk with its tip.
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Figure 5.8: Alignment of the new setup. hP , hC , and hS denote the height of the pointer, the crosshairs
and the surveyors’s cup (in front of the ST-7 to align pointer and crosshairs) above the magnet tube V1.
dP , dC , and dS on the other hand are the horizontal distances between the optical axis and the pipe V1.

The first alignment by the surveyors (imprecise pointer used) gave the following values
for the heights hP (height of pointer above tube V1), hC (height of crosshairs above V1)
and hS (height of surveyors’ reference point above V1) as well as for the distances dC (hor-
izontal distance of the crosshairs from V1) and dS (horizontal distance of the surveyor’s
reference point from V1):

hP = hC = hS = 408.3 mm

dC = 1014.1 mm

dS = 1014.5 mm

Unfortunately, dP (distance of the pointer from V1) was not measured, thus the pointer
was not aligned for horizontal distance to the tube. The error in the alignment resulting
from this can be estimated.
It should be mentioned, that the pointer was exchanged for the third day of filming: the
inaccurate one was substituted by the precise disk with pointer. The alignment of it was
checked by the geometers after the filming finished, giving the following values:

hP = 408.8 mm

hC = 408.3 mm

hS = 408.3 mm

dP = 1014.1 mm

dC = 1014.1 mm

dS = 1013.5 mm



5.2. ALIGNMENT AND DATA TAKING 69

Table 5.1: Summary of possible errors for the alignment of the setup (camera, crosshairs, and pointer) to
film the Sun in Spring 2005.

Source of Error Maximal Value Maximal Value Maximal Value
in 16.3.2005 17.3.2005 21.3.2005
Alignment Pointer only Pointer only Pointer in Disk

Filming Mode Tracking Mode Filming Mode

Surveyor’s
measurements

< 0.006◦ < 0.006◦ < 0.006◦

Pointer
Misalignment

≈ 0.008◦ ≈ 0.008◦ < 0.004◦

Crosshairs ≈ 0.006◦

TOTAL < 0.012◦ < 0.010◦ < 0.008◦

5.2.2 Study of Systematic Errors in the Alignment

There are three major contributions to the systematic error of the alignment:

• Uncertainties in the surveyors’ measurements

• Error due to the misalignment of the pointer in distance from the magnet tube

• Inexactness of the crosshairs

The surveyors’ precision is given as 0.5 mm/5 m (about 0.006◦), 0.5 mm/7.5 m (about
0.004◦) for crosshairs and pointer respectively.
The second contribution given by the pointer, which was not checked for being aligned, can
be estimated to be < 1 mm/7.5 m, i.e about 0.008◦. For the third day (precise pointer
used) this error was less than 0.004◦ according to geometers’ measurements.
The crosshairs were checked for precision, and turned out to be 0.5 mm off, i.e about 0.006◦.
After the first day of filming, however this was improved by further stressing the wires, such
that no deviation was observable anymore. For the affected first day of filming, this was
included in the error calculations for the alignment.
Additional tests for possible sources of further errors were performed:
It was checked that the optics of the camera were as horizontal as the magnet axis. Once
aligned, taking them off and putting them on again did not produce any change observable
with the surveyor’s instruments.

The total error of the alignment can be calculated to be < 0.012◦ (see Tab. 5.1), i.e. about
2.3% of the solar diameter, for all three days of solar filming.

5.2.3 Data Taking

Following all preparations, the Sun was filmed on three days in Spring 2005, namely on
March 16, 17 and 21. The magnet was following the Sun in filming mode (correction for
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atmospheric refraction) for the first and the last date, while the system used the usual
tracking mode (no refraction correction applied) on the 17th of March.
While using the filming mode was the general practice performed for all previous filmings,
it was the first time to take pictures of the Sun while pointing to its real position instead of
its apparent one. In doing so, and calculating the difference in position due to refraction to
compare the observed position with the expected one, the tracking program can be checked
directly, i.e. without using a correcting program such as the filming mode.
Since, at the time of filming, the magnet was not in its usual condition6, the filming was
primarily seen to be a test for the new setup and a possibility to figure out the best way
to film the Sun. Therefore, many different conditions were tested for their usefulness,
summarized as:

• Use of different focus settings while aligning and filming

• Filming with and without the crosswired TH-sphere

• Diverse kinds of filters to get good quality pictures

• Two different pointers as a second target in combination with the crosshairs

• Both modes offered by the software, i.e. tracking and filming mode

5.3 Analysis

Due to the different treatment and distinct problems encountered for the pictures taken in
different modes, they will be discussed separately.

5.3.1 Filming Mode Pictures (16.3.05/21.3.05)

Processing of the Pictures

After sorting the pictures according to the different conditions (Crosshairs on/off, various
settings of focus), which influence the apparent size of the Sun and possibly also its observed
shape, the diameter of the solar disk was determined by choosing an appropriate circle (Red
in lower image of Fig. 5.9). The solar core is marked by two further red circles with a size
of 10% and 20% of the previous one, having the same center. From reference pictures of the
pointer and the cross wires taken before the actual filming (see upper image in Fig. 5.9),
the expected center of the Sun, i.e. the point where crosshairs and the tip of the pointer are
in line (reference point), is determined. It is marked in green in Figure 5.9. The diameter
is of no importance, only the center matters as it denotes the reference point. The last
important thing to be aware of is the field of view for the magnet bore, marked in blue in
the same figure. At this stage no errors of alignment or analysis are included in the picture,
but one obtains a first impression on where the magnet is pointing.
The position of the observed solar center can be obtained from every picture taken during

6The TPC and its shielding were not installed causing a difference in weight of about 1.2 t.
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X

Figure 5.9: Upper image: Picture taken on the 16th March before the actual filming to verify the align-
ment. The reference point is the center of the green circle (its diameter is adjusted to the TH-sphere size,
but it is basically arbitrary). Lower Image: Taking the reference from the upper image (green), the solar
disk and two disks with 10% and 20% of the solar diameter (i.e. the solar core) are marked in red. The
field of view of the magnet bore, i.e. its acceptance region for incoming axions, is drawn in blue.
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filming and the distance to the reference point in x- and y-direction can be calculated.
X-axis and y-axis are chosen in the direction of the tracking movement. Knowing the field
of view per pixel for the camera in combination with the optics, it is possible to convert
these observed distances given in pixels of the picture into a corresponding deviation in
degrees.

Study of Systematics

Before analyzing the pictures of the Sun in more detail, a look at the sources of errors
is appropriate. As far as systematic errors are concerned, there are basically two major
aspects limiting the precision of the filming setup:

• The alignment of the system with the magnet axis

• Errors in the analysis of the pictures with the computer

The errors due to the alignment were already discussed in Section 5.2.1 and calculated to
be < 0.012◦ for all three days of filming.
For the second source of errors originating from the analysis, three things have to be con-
sidered:
Using different focus settings for taking the pictures changes the image (More details can
be found in Sect. 5.3.3) and results in an error of the order O(0.02◦). Furthermore, the
choice of the circle center might lead to different values for its coordinates x and y, thus
changing the distance between observed and expected solar central point. Nevertheless,
this uncertainty turns out to be smaller than the previous one and leads to a contribution
of the order O(0.005◦). There is a further contribution to the error of the order O(0.01◦)
originating from the transformation of the distances in pixel or mm (as obtained from the
pictures) to the desired unit degree, due to uncertainties in the field of view of the filming
system.

For the data of 16th March 2005, i.e. the filming before the change of the pointer, an ad-
ditional correction has to be applied. In the pictures, it can be seen that the pointer and the
crosshairs are not exactly in line. The pointer is 4 pixels to the right side of the center of the
wires, which means the camera is about 1.2 mm to the right of the optical axis, i.e. towards
the magnet, and it is turned such that the ST-7 and its optics are not parallel to the magnet
axis (see Fig. 5.10). Therefore, the central point of the Sun is expected to be to the left of
the reference point, in fact 0.013◦ to the left. This is only the case for the x-coordinate,
not for the height (y-coordinate) as can be seen from alignment pictures. Data taken on
March 16 were corrected for this shift. For March 21, no visible misalignment occured. The
systematic uncertainty resulting from the determination of the shift for the x-direction is
of the order O(0.006◦), while for the y-coordinate it is larger, namely of the order O(0.012◦).

Combining all systematic errors results in a total uncertainty of 0.026◦ for the x-coordinate
and 0.028◦ for the y-direction7.

7As a reminder: The error of the tracking accuracy of the system to follow the Sun is < 0.02◦.
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Figure 5.10: Upper image: Top view of filming setup (camera, crosshairs, pointer) for perfect alignment
with the magnet axis. The reference point is expected to be equivalent with the observed center of the
Sun, provided that the magnet is precisely following it. Lower image: Top view of filming setup for the
camera placed too much to the right of the optical axis. There will be a gap observable between pointer
and crosshairs (instead of an overlap of the two), and one expects to see the crosshairs to the left of the
solar center. This shift can be calculated.

Observations

First it was checked, if the observed points for the solar center of both filming days with
refraction correction were compatible with each other and the expected value, i.e the ref-
erence point. Then the pictures were sorted according to the focus setting. This was done
in order to see the effect of different settings and check the compatibility of the observed
center in the pictures with the reference point.

Sorted by Day In Figure 5.11(a), the reference point is set to be the origin of the
coordinate system and the distances of the observed points in x-direction as well as in
y-direction from (0, 0) are plotted in degrees. On first view, all measurements are lower
than the expected center of the Sun and slightly to the left, which (if significant) would
imply the magnet is pointing too high and too much to the right, since the reference point
indicates where the magnet is pointing. Data points from the first day of filming tend to be
a bit more to the right side of those for the second day and they are slightly more spread
in both x- and y-direction. The plotted points are generally multiple points at the same
position. In most cases, they result from subsequent pictures taken without any change of
focus and can be regarded as independent measurements.
In order to check if the data of the two days are compatible, the observed points per days
are averaged and the according errors are calculated. For March 16 and 21, the averaged
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Figure 5.11: Distances of reference point and actually observed center of the Sun sorted by day. The
reference point is set to be (0, 0). All focus settings are included.
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distance from the reference point in x- and y-direction is:

x̄16.3. = −0.0174◦ ± 0.0037◦(stat.) ± 0.0261◦(syst.),

ȳ16.3. = −0.0230◦ ± 0.0019◦(stat.) ± 0.0279◦(syst.);

x̄21.3. = −0.0246◦ ± 0.0025◦(stat.) ± 0.0250◦(syst.),

ȳ21.3. = −0.0161◦ ± 0.0006◦(stat.) ± 0.0250◦(syst.).

The statistical error is the error of the mean value. Figure 5.11(b) shows the according plot
with statistical and systematic errors combined. Within these, the data of the two days
are compatible and so are the results for both days with the reference point. Thus, with a
filming precision of better than 0.028◦ (typically around 0.026◦), CAST is pointing to the
center of the Sun. Considering that the solar core is about 0.054◦-0.108◦ and the magnet
acceptance region has a size of 0.532◦, this is well within the desirable accuracy.

Sorted by Focus Given the consistency of the data of both filming mode days, it is
interesting to sort the acquired pictures by different focus settings. A plot of this can be
seen in Figure 5.12(a). The tendency of the observed points to be rather low and slightly
to the left of the expected value can of course be observed here as well, since the same
pictures were used arranged in another way.
In most cases, in which the observed solar center was found at different positions for the
same focus setting, this happens when returning to the same focus after defocussing.
Averaging over all measured points per focus setting (see Fig. 5.12(b)) leads to the con-
clusion that all points are compatible with each other and the reference point within the
combined statistical and systematic error:

x̄ 5m = −0.0421◦ ± 0.0005◦(stat.) ± 0.0261◦(syst.),

ȳ 5m = −0.0246◦ ± 0.0035◦(stat.) ± 0.0279◦(syst.);

x̄ 7m = −0.0247◦ ± 0.0043◦(stat.) ± 0.0261◦(syst.),

ȳ 7m = −0.0192◦ ± 0.0028◦(stat.) ± 0.0279◦(syst.);

x̄10m = −0.0219◦ ± 0.0004◦(stat.) ± 0.0261◦(syst.),

ȳ10m = −0.0156◦ ± 0.0031◦(stat.) ± 0.0279◦(syst.);

x̄15m = 0.0035◦ ± 0.0034◦(stat.) ± 0.0261◦(syst.),

ȳ15m = −0.0173◦ ± 0.0009◦(stat.) ± 0.0279◦(syst.);

x̄30m = 0.0075◦ ± 0.0095◦(stat.) ± 0.0261◦(syst.),

ȳ30m = −0.0074◦ ± 0.0037◦(stat.) ± 0.0279◦(syst.);

x̄Inf = −0.0177◦ ± 0.0020◦(stat.) ± 0.0261◦(syst.),

ȳInf = −0.0226◦ ± 0.0026◦(stat.) ± 0.0279◦(syst.).

The accuracy is therefore always better than 0.029◦, typically around 0.027◦. By sorting the
pictures according to their focus setting, neither one of the settings seems to be significantly
better than the others. However, when analyzing the pictures, it is easier to determine the
solar circle and thus its center, when the Sun is as sharp as possible, favoring the settings



76 CHAPTER 5. FILMING THE SUN: SPRING 2005

Filming Mode 16./21.3.05, Sorted by Focus

-0.07

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

-0.08 -0.07 -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 0.06

Distance x/ Degree

Distance

y/ Degree 

5m

7m

10m

15m

30m

Infinity

Reference Point

(a) All distances of the observed solar center from the reference point in degree. The data points indicate the
position of the center of the Sun as observed in the different focus settings. The error bars are the systematic
uncertainties.

Filming Mode 16./21.3.05, Sorted by Focus, Average per Focus Setting

-0.07

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

-0.08 -0.07 -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04 0.05 0.06

Distance x/ Degree

Distance

y/ Degree 

Average 5m

Average 7m

Average 10m

Average 15m

Average 30m

Average Infinity

Reference Point

(b) Distances of observation and reference for the solar center in degrees averaged per focus setting. The
errors are the combined statistical and systematic uncertainties.

Figure 5.12: Distances of reference point and actually observed center of the Sun sorted by the different
focus settings used. The reference point is set to be (0, 0). Both days are included.
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Refracted and Airless HA versus Time
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Figure 5.13: Left Plot: The real and the apparent height of the Sun above the horizon (HA) in degrees
versus time for the morning of the 17th March 2005. The refraction correction is the difference between the
two values for HA and it is decreasing with larger HA. Right Plot: Refraction Correction plotted versus
time for the same day. It was calculated using JPL’s HORIZONS System. The error bars are the systematic
uncertainties.

15 m, 30 m and Infinity. It should be mentioned that the determination of the observed
solar circle was not performed automatically, but by visual judgment for pictures taken in
March 2005.
Averaging over all observed points during filming on March 16 and 21 leads to the mean
value:

x̄Spring 2005 = −0.018◦ ± 0.002◦(stat.) ± 0.026◦(syst.),

ȳSpring 2005 = −0.020◦ ± 0.001◦(stat.) ± 0.028◦(syst.).

5.3.2 Tracking Mode Pictures (17.3.05)

Processing of the Pictures

Basically, the same technique as for the filming mode was used to process the images taken
in tracking mode to determine the center of the Sun from these pictures. A difference
arises from handling the data obtained in this way. The reference point will show the real
position of the Sun, while the measured points will indicate the center of the apparent
solar location. JPL’s HORIZONS System was used to calculate the refraction correction
necessary for every minute during tracking. The calculated vertical angles above the horizon
(HA) with and without refraction versus time are visualized in Figure 5.13.
The refraction correction R, i.e. the difference of the HA calculated for the apparent Sun
position (refracted) and the HA without refraction (airless), is plotted against time in the
right part of Figure 5.13.
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Figure 5.14: Movement of the theoretical points (JPL) in x- and y-direction due to the different refraction
corrections for different HA during filming the Sun on the 17th March 2005. For larger heights above the
horizon (HA) the refraction correction would decrease further and reach the value 0 for HA= 0◦, i.e for the
zenith.

For the analysis, the distance between the reference point and the observed solar center
is calculated. This provides the observed refraction correction and can thus be compared
to the theoretical refraction correction of JPL. It is important to keep in mind that in the
course of tracking, the correction changes due to the increasing height above the horizon
(about 5◦ at the beginning of filming and approximately 7.6◦ at the end). This can be seen
in Figure 5.14.
Some additional sources of errors, compared to the filming mode pictures, have to be
considered.

Study of Systematics

All systematics for the filming mode pictures are applicable for the tracking mode as well,
including the shift of the measured points as it had to be considered for the data of the
16th March, due to the misalignment visible in the pictures (see Sec. 5.3.1, Study of Sys-
tematics). Since the alignment of March 16 has not been changed for March 17, the shift is
of the same size, i.e 0.013◦. Combining all systematic errors results in a total uncertainty
of 0.026◦ for the x-coordinate and 0.028◦ for the y-direction.

Additional systematics appear due to uncertainties in the JPL data [116]. For example,
due to local differences in the atmospheric conditions, the refraction correction may vary up
to several arc seconds (O(0.015◦)). This is an error in y-direction only, i.e. in the direction
of refraction.
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Tracking Mode 17.3.05, All Focus settings
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Figure 5.15: Overview on all observed refraction corrections during filming in tracking mode on March
17. The data are neither sorted chronologically nor by focus. The red symbols denote the expected values
given by JPL. The error bars are the systematic uncertainties of both JPL data and the observed points.

Furthermore, the azimuth (AZ) and the height over horizon (HA), as well as the refraction
correction R are calculated only once a minute by JPL. This is also the case for the logged
data from the CAST experiment. However, JPL and CAST are not calculating AZ and
HA at the same time and some extrapolations are necessary in order to compare the two.
From this a contribution to the error in the y-direction of the JPL data arises. It is about
0.007◦.
Thus the combined systematic error for the “theoretical” reference values of JPL is of the
order O(0.016◦) for the y-coordinate.
The x-coordinate of the refraction correction is expected to be zero and not to change with
time, since refraction does in general not depend on the azimuth. Therefore, there is no
need to apply the same errors on x as mentioned above for the y-direction. The only error
that might have to be considered occurs for refraction anomalies, i.e. a dependence of the
refraction on the azimuth. However, this uncertainty is negligible in our case.

Observations

A first look at the expected and the observed refraction correction, without sorting the
measurements neither chronologically nor by focus setting (see Fig. 5.15), shows that the
observed corrections are smaller than the expected ones by about O(0.03◦), i.e. the magnet
is pointing higher than expected. This agrees with what was observable in the filming mode
pictures. However, the errors on y are of the same order of magnitude. The error bars are
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Figure 5.16: Observed and expected refraction correction during the 18 minutes of filming in tracking
mode on March 17. Different focus settings are marked in various colors. The plotted error bars are
systematic errors only.

the combined systematic uncertainties of both the measurements and the JPL data. The
spread of the observed refraction correction over the duration of filming is smaller than the
spread of the expected one. Within the errors the data points agree with the theoretical
spread of about 0.05◦.

For a more detailed analysis, it is useful to look at the projections, i.e. to plot the
refraction correction (y-coordinate) as well as the x-position versus time. For this, an ab-
solute time (minutes of filming the Sun) is used. JPL calculates the refraction only once
per minute, while there are about 4 pictures8 taken during this time. A fit to the JPL data
is used for comparison with the observations.

In Figure 5.16 the observed and expected refraction correction during the 18 minutes
of filming in tracking mode on 17th March is shown. The data points are also sorted by
focus setting. Here, it can be clearly seen that the experimental refraction correction does
not decrease as much as the theoretical one. It seems to be rather constant, except for the
first focus setting during the initial 90 s of filming. The magnet was already tracking the
Sun for some time before the filming started, so these first points cannot result from the

8The ST-7E has only a parallel port and hence the download times for the pictures are long. Its follow-up
model, the ST-7XE, which was used in Fall 2005, has a USB connection resulting in fast downloads.
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Figure 5.17: The difference between the observed and the expected refraction correction is expected to
be equal to zero. The average difference is plotted as well.

magnet trying to get in its position to point at the Sun.
There are two sources of statistical errors: First, the determination of each data point has
a statistical variation, since it is obtained by visual judgment. Second, the focus setting has
been changed quite often during this filming in tracking mode (in most cases every three
pictures) leading to jumps.
If one subtracts the observed refraction correction from the JPL data, one obtains an
average difference of 0.037◦ with a statistical error of the mean of 0.016◦ and a systematic
uncertainty of 0.032◦ (see Fig. 5.17). This difference is expected to be zero, which is the
case within the combined errors. The difference is larger (about 0.06◦) at the beginning of
filming, when the refraction correction itself is considerable and decreases until the observed
and the theoretical correction differ from each other by the order of 0.02◦.

In the x-coordinate, no change is expected, since the refraction depends on the HA only.
Nevertheless, there is a certain spread observable in the distances of the solar center in the
pictures and the crosshairs, i.e. the reference point, as can be seen in Figure 5.18. In the
beginning of tracking, there is a tendency to negative values for x. They increase during
the tracking. This means that there is a movement of the magnet in x-direction observable
in opposition to the tracking: In the beginning the magnet is pointing to the right side of
the central part of Sun, while in the end it tends to aim to the left part of the solar core.
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Figure 5.18: Observed and expected distance in x-direction of solar center and reference point during the
18 minutes of filming in tracking mode on March 17. Different focus settings are marked in various colors.
The plotted error bars are systematic errors only.

The mean distance of the observed x-coordinates from the expected one is −0.019◦ with
a statistical uncertainty of 0.004◦ and a systematic error of 0.027◦, which implies a mean
value compatible with the expected value for the difference, namely zero.

Overall, the observed refraction correction is smaller than the expected one, suggesting
again that the magnet is pointing slightly too high. There seems to be a small shift in
the x-direction, i.e. a movement of the magnet from a little too right to a little too left is
observed in the tracking movement.

5.3.3 General Problems

Some general problems were encountered when analyzing the pictures and shall be discussed
in the following.

Influence of Changing the Focus

A problem emerges from changing the focus, which is necessary for the alignment in order
to bring cross wires (at about 5 m) and pointer (at about 7 m) in line as well as for filming
the Sun (with focus preferably at 15 m, 30 m or Infinity) to get its shape as sharp as
possible. In addition to the expected effects of changing the focus (objects out of focus are



5.3. ANALYSIS 83

Figure 5.19: Influence of changing the focus on reference pictures. The green circle marks the center of
the crosshairs when the camera is focused to 5 m, while the orange one for 7 m. The difference is about
1′-1.5′, i.e 0.017◦-0.025◦.

broadened), shifts in the picture can be observed. Reference pictures taken at a focus set-
ting 5 m and 7 m give different positions for the center of the crosswires/tip of the pointer.
E.g. for the 16th March (see Fig. 5.19), this results in a difference of about 0.017◦-0.025◦.
Thus the position of the reference critically depends on the picture chosen.
By going back to the same focus after defocussing, a shift remains, changing the position
of the observed point. This results in a systematic error, or (if the focus setting is changed
very often) in a statistical error. The only way to avoid these shifts seems to be not to
change the focus at all, which is however necessary in order to align the setup.
For filming in tracking mode, the focus was changed very often (in most cases every three
pictures). Jumps in position provoked by this cause a statistical error.

Influence of TH-sphere

The hole in the TH-sphere holding the crosshairs was designed, such that the full Sun is
visible through it. Since filming was done with focus to infinity, there were no big effects
to expect, but some shadows could be observed on the edges of the solar disk, probably
due to reflections9 from the TH-sphere. However, this did not influence the analysis of the
pictures.
In some images taken directly before filming the Sun, it can be seen that the TH-sphere is
not exactly put in place, i.e. the wires on one side of the crossing point appear to be longer

9The TH-sphere was blackened from the inside but not from the outside.
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Figure 5.20: Apparent distortion of the shape of the Sun. The direction of the major axis of the distortion
is at an angle of about 45◦ to the horizontal. A circle of the size of the expected diameter of the Sun is
marked in blue for comparison. N.B.: Taken on 17th March in tracking mode, the solar center is expected
to be above the visible pointer.

than on the other side and inner parts of the sphere become visible. This however, does
not effect the picture analysis either, since only the crossing point is used as a reference,
not the circle given by the TH-sphere. No parts of the Sun were cut off due to the slightly
misaligned position of the TH-sphere.

Apparent Distortion of the Sun

A strange phenomenon could be observed, when filming through the upper part of the left
window (see Fig. 5.21) at about 97◦-98◦ horizontal (Azimuth AZ) and 6◦-8◦ vertical (Height
above horizon HA) under various conditions (Crosshairs on/off, different focus, both modes
of following the Sun). An apparent deformation of the solar disk to an elliptic shape with
an angle of ≈ 45◦ between the horizontal and its major axis. The axis was in the direction
of the magnet movement from the lower-left corner to the upper-right one (see Fig. 5.20).
The order of magnitude of this effect is approximately 1/60◦, that is about 3% of the solar
disk diameter. An ellipse is expected due to refraction, but its major axis and minor axis
should be parallel to the horizontal and the vertical respectively. Two possible explanations
were at hand:

• Inhomogenities in the plexiglass window of SR8

• Vibrations in the direction of the magnet movement

To test window inhomogeneities, a tiltable plate with concentric circles was designed
to be put outside the window at specific positions in order to check if the circles would
appear distorted. Since it was not possible at that point to move the magnet to the desired
coordinates, a pipe was added to the plate, fixed perpendicular to its plane. It was equipped
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Figure 5.21: Left image: The tiltable plate used to check for window inhomogeneities. It has concentric
circles and a pipe with crosshairs at each end to aim for the camera. Right image: The plate was placed
outside the window of the experimental hall and observed with the camera mounted on its platform.

with two sets of crosshairs, one at each end, in order to aim at the camera. The plate and
the setup can be seen in Figure 5.21. Several positions were tested, but no distortion
could be observed (see Fig. 5.22). Probably the window was not the reason for the noticed
deformations. However, it cannot be completely excluded as a source of this error, because
only spot tests were performed and the chosen positions were not exact since the magnet
could not be moved. In addition to this, the conditions in Spring were different than at the
time of the test in July (e.g. temperature).

A second possible explanation for the distortion, namely vibrations of the magnet, was
checked as well. If the magnet oscillates back and forth in its direction of movement, then
the observed picture of the Sun should not be a true ellipse, but rather consist of two
circles connected by two straight lines (see Fig. 5.23). Since there were only few pictures
with the apparent distortion for each condition, the vibrations cannot be permanent ones.
Furthermore, due to the fact that the straight part is rather short, the amplitude of the
oscillations must be small. Thus, occasionally occurring vibrations with small amplitudes
are a potential explanation for the observed distortion of the solar shape.

In the data of the filming in Fall 2005, no such effect of distortion seems to appear.
The window was partly opened during the filming in September and strong vibrations of
the magnet were noticable by hand. However, no apparent distortion could be observed
in the pictures. The improvements of the setup after March 2005 were thus successful in
suppressing vibrations: the supports of the filming system were made more rigid.
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Figure 5.22: A picture of the plate with concentric circles to test the apparent distortion of the Sun
occuring in some pictures. The bright spots on the disks are holes in the Aluminum plate along the marked
circles to improve the visibility. No elliptic deformation of the circles is observable.

Figure 5.23: Left image: If there are vibrations along the direction of movement, two circles of the size
of the Sun connected by two straight lines should be observable. Right image: Since the connecting part is
very short, the apparent distortion can only be caused by vibrations with a small amplitude. The expected
solar circle fits twice, supporting this scenario as a possible explanation for the deformation.
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5.4 Results and Conclusions

In March 2005, the new filming setup was tested successfully under different conditions
with the following results:

• Setup

– For the filters, it is best to use them in various optical densities, so one can
combine them and thus get a clear picture of the Sun no matter if it appears
bright (in the hole) or dimmed (behind the trees).

– The platform needs further improvement, i.e. it has to be made more rigid to
damp oscillations and it should be made more flexible at the same time, in the
sense that it is possible to change the position of the platform easily in order to
be able to align the system well.

– The 3D-support should be made more rigid as well to further damp oscillations.

– The wires of the crosshairs have to be fixed in the right position mechanically.
So far only tape was used to accomplish this.

– The choice of the pointer is obvious: the precise pointer attached to a disk is
much better to see in the pictures. However, the diameter of the disk’s inner
hole has to be made bigger in order to allow for a full sight of the Sun, even if
the magnet was not exactly centered.

• Data Taking

– The setting of the focus does not have a significant influence on the filming
accuracy. However, changing the setting can cause unpredictable, but small
shifts of the picture. The best solution would be not to change the focus at all.

– The TH-sphere containing the crosshairs can stay in position during the filming
if focus settings of 15 m to Infinity are used. However, it is not necessary to
keep it in position during filming. Some shadows might occur on the edges of
the solar disk, so it is recommendable to remove it after the alignment check.

– An apparent distortion of the solar disk in some pictures may occasionally occur
due to oscillations with a small amplitude. A more rigid setup should be able to
eliminate this problem easily. It would be recommendable to film with an open
window during the Fall 2005 to definitely exclude the plexiglass as a possible
source for the apparent distortion.

The analysis of the pictures obtained in filming mode showed that, within statistical
and systematic uncertainties of better than 0.029◦, the CAST magnet is pointing at the
center of the Sun. The mean value determined from all measured points during filming on
March 16 and 21 is:

x̄Spring 2005 = −0.018◦ ± 0.002◦(stat.) ± 0.026◦(syst.),

ȳSpring 2005 = −0.020◦ ± 0.001◦(stat.) ± 0.028◦(syst.).
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The precision is much better than it was in previous filmings (accuracy at best 0.05◦, which
is the error of the alignment of the setup without any errors due to analysis or misalignment
visible in the pictures). Since the region from which most axions are expected to emerge
is about 0.054◦-0.108◦ (10-20% of the solar diameter) and the total field of view for the
magnet bore being 0.532◦, the magnet alignment is sufficiantly accurate for the purposes
of CAST. The precision of the filming system could be further improved to match the ac-
curacy of the tracking system (better than 0.02◦).

For the tracking mode pictures, the change of the refraction correction during the time
of filming was not as large as expected (which would have been about 0.05◦), however within
the errors the change is compatible for experimental and theoretical data. The values of
the observed correction were always smaller than the expected ones. This discrepancy was
larger in the beginning of filming (up to 0.06◦) and smaller towards the end (≈ 0.02◦).
For the x-coordinate, which is not expected to change, a spread could be observed as well,
indicating a movement of the magnet from a little too right to a little too left in the tracking.

In all data sets, the observed points are lower than the expected ones, implying that
the magnet was pointing a bit too high (O(0.02◦)). This effect could be due to the fact
that the magnet was not in its usual operating condition and thus lighter than usual at its
end facing the Sun in the morning (TPC side). Maybe it is also an undetected systematic
error applicable for all three days, not depending on the alignment.
One might say that there is a tendency that the observed solar center is more to the left
than expected, implying that the magnet points to larger x-values during all three days of
filming.
Thus, it seems as if the magnet is slightly ahead in time when tracking, which might suggest
a minor error in the tracking software. The change in the vertical and the horizontal angle of
the magnet movement during one minute of tracking is about 0.15◦, hence the fact that the
observed points are too low could result from being about 10 s ahead with the calculations
in the tracking software. In any case, as said before, within the expected precision of the
tracking and the given accuracy of the filming, the CAST magnet was pointing at the Sun
in March 2005.



Chapter 6

Filming the Sun: Fall 2005

In late September 2005, the Sun was visible once again through the window of SR8, where
the CAST magnet was prepared for the second phase of the experiment.
This chapter will inform first about the latest changes performed to further improve the
filming accuracy by improving the setup used in Spring 2005 as well as by automatizing
the analysis of the obtained pictures. This will be followed by a brief overview of the
alignment and data taking procedure in Fall 2005 and, furthermore, the analysis of the
obtained pictures on the three days of filming (September 23, 24 and 28) will be presented.
Due to the fact that changes in the alignment as well as the setup were necessary, every day
has to be treated separately as far as the systematic errors and the analysis are concerned.
Some problems, which occurred during the filming, will be considered to ensure that no
influence on the analysis results from them. Concluding, the results will be presented and
an outlook on possible future improvements and changes can be found at the end of this
chapter.

6.1 Improvements for September 2005

For the filming of the Sun in September 2005, the setup as well as the analysis were
improved, based on the experience gathered in Spring 2005.

6.1.1 Improvements of the Setup

CCD Camera and the Optics

First, a follow-up model of the camera utilized in Spring 2005 was acquired, an ST-7XME,
with the main difference that it has a USB Port rather than a parallel one, allowing a faster
download of the pictures from the camera to the computer. Thus it is possible to take more
pictures during filming and have therefore more statistics.
A new adapter ring to hold the optics, i.e. the same model of Olympus lenses as used in
March, made the connection more rigid. Nevertheless, the optics still had some freedom of
movement, thus they were not exactly perpendicular to the CCD chip, assuming that the
sensitive part of the ST-7 is parallel to the body of the camera. There were suggestions
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Figure 6.1: The new filter holder can be attached to the Olympus optics and it is possible to fix it in the
desired position with a screw. It can hold two filters at the same time.

to fix the optics externally, but this would just have kept them in one of the extreme
positions, i.e. looking slightly upwards or downwards, rather then keeping the lenses exactly
horizontal.
In order to adjust the filters in a fixed position directly in front of the ST-7, a holder
was built (see Fig. 6.1), which can be screwed to the optics. Two filters can be put on
simultaneously, such that it is possible to combine different optical densities.

Platform and Camera Support

In order to make the alignment of the system easier and more rigid at the same time, a new
platform for the filming setup was designed. The platform used in March 2005 was difficult
to be placed in the right position for filming, because it was screwed underneath the carrier
attached to the magnet. Therefore, the platform as well as the carrier were substituted and
a construction of Rexroth Modular Profile Systems [117] was used in combination with a
console to hold a tiltable platform instead. On top of this, the 3D-support for the ST-7, as
it was used in Spring, could be put. Like this, all desirable movements of the setup can be
performed (see Fig. 6.2 and Appendix B for a technical drawing):

• The distance to the magnet can be changed by moving the vertical profile along the
two horizontal ones.

• The height can be varied by moving the console along the vertical profile.

• The inclination of the camera (to make it parallel to the magnet axis in up and down
direction) can be changed by tilting the platform fixed on top of the console.
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Figure 6.2: Left image: The new side arm for the filming system constructed by using Rexroth Modular
Profile Systems. A console is attached to the vertical profile. It can be moved up and down to bring it
into any desired position. Right image: The tiltable platform mounted on the console fixed to the Rexroth
Profiles. It simplifies the vertical alignment of the optics. The 3D-support and the ST-7 are screwed to the
inclinable platform.

• Fine adjustment can be performed by using the 3D-support of the camera described
in Section 5.1.3, thus translations and rotation of the ST-7 are possible.

In the course of substituting the old support, a new safety platform to stand on during
filming had to be built (see Appendix B, Fig. B.2), because more space as it was necessary
for the setup in Spring 2005 was needed for the Rexroth profiles.
Also the 3D-support was made more rigid, by changing some parts and adding another set
screw.

Crosshairs and Pointer

In order to stress the wires and get them as straight as possible, clamps with fixation screws
were added on the TH-sphere holding the crosshairs instead of the tape applied in March.
At the CERN workshop, the pointer within the disk was blackened and the diameter of
its inner disk was increased in order to allow for a full view of the Sun, even if it did not
appear completely centered. On the last day of filming, a double pointer was used. For
this purpose, two disks, each with a pointer, where screwed together for better definition
of the central point (see Fig. 6.3). This indeed simplifies the analysis.
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Figure 6.3: The double pointer consists of two disks screwed together, each of them having a pointer
attached, which indicates the center of its disk. This makes it easier to determine the central point.

6.1.2 Improvements of the Analysis

The determination of the solar center from the pictures was automatized for the filming in
September 2005 using a Matlab routine. An example program [118] offered in the Image
Processing Toolbox of Matlab was used as a starting point and then extended to an applica-
ble program for the filming. The function bwtraceboundary can be used to find the edges of
the solar disk and a circle is fitted to the traced boundary. Since there are branches of trees
preventing a full sight of the boundary of the solar disk in several pictures, performing only
one tracing and fitting process is not good enough. Thus, the solar shape is determined
many times using different starting points. The resulting fits are limited by excluding too
small radii as well as too large ones. Then, the median of the radii and centers of the fitted
circles is chosen, since it is more robust than the mean concerning outliers. The median is
plotted in the original filming picture to make visual crosschecks possible. The reference
point is taken from the alignment pictures1 and saved along with the distance to the ob-
served solar center in a file. This can then be used for spreadsheet analysis or plotting.
The big advantage of the Matlab program is that a large amount of pictures can be pro-
cessed rather quickly and visual judgment can be used as a crosscheck. The source code of
the utilized routine can be found in the Appendix C.

1It turned out that determining the reference point by visual judgment is more precise than using a
routine, which had to trace the crosshairs in various lighting conditions.
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6.2 Alignment and Data Taking

6.2.1 Alignment of the Setup

In principle, the same procedure was followed for the alignment in September as it was
done in March 2005. The alignment had to be repeated every day before filming, since
little improvements of the setup were necessary or the misalignment was too severe. For
the distances of the pointer, the crosshairs and the surveyors’ reference cup from the magnet
tube V1 as well as for their height above the same pipe, the geometers’ measurements led
to (denotations as in Sect. 5.2.1 and Fig. 5.8, p. 68):

dP = dC = dS = 1014.2 mm

hP = 408.4 mm

hC = 408.3 mm

hS = 408.3 mm

The height of the optics’ center was measured to be equal to hS and it was checked that
the optics were in a horizontal position viewed from the Jura side. During the first filming,
it turned out that the lenses were not parallel to the magnet if viewed from above. This
led to a misalignment visible in the pictures, similar to the one of March 16 (see Fig. 5.10,
p. 73). For the second day of filming, the setup was realigned, checking the parallelism of
the optics with the magnet axis in height and distance. A second disk with pointer was
attached to the first one and aligned for the third and last day of filming. The optics were
checked again and so the best possible alignment was provided.

6.2.2 Study of Systematic Errors in the Alignment

The only significant error in the alignment results from the limits on the precision of the
surveyors’ measurements. The uncertainty is always better than 0.006◦. The crosshairs
were checked for accuracy by the geometers and no deviation of the central point could be
observed. On the third day of filming (September 28), a superposition of several alignment
pictures, in which the sphere with the wires was turned gradually (see Fig. 6.4) shows this
as well: The crossing point of the wires does not change its position, which proves that it
is well centered within the sphere.

6.2.3 Data Taking

Several attempts to film the Sun in Fall 2005 were made. On three days (September 23,
24 and 28) the Sun was eventually observable and successfully filmed. All filming sessions
were done using the filming mode of the tracking software, i.e. a correction for atmospheric
refraction was applied. During the first two days, the weather conditions were excellent
and the Sun could be seen through the hole in the trees (see Fig. 5.1), while on the third
day, when the alignment was best, it was indeed sunny, but the Sun was most of the time
partly hidden behind the trees.
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Figure 6.4: Superposition of several alignment pictures, in which the sphere with the crosshairs was
gradually turned. The high precision can be appreciated by the fact that the crossing point of the wires
stays in the same position for all pictures.

The magnet was almost under working conditions: As a compensation for the still un-
mounted TPC and its shielding a counterweight of 1.2 tons was installed. During the days
of filming the magnet was in the process of being cooled down. Some of the occurring
vibrations noticeable by hand might have resulted from this. However, they could not be
observed as a disturbance in the pictures taken during alignment and filming the Sun.

6.3 Analysis

6.3.1 The First Day of Filming (23.09.2005)

Study of Systematics

The systematic error for the data of the first day is a combination of four different uncer-
tainties:

• Uncertainty of the surveyors’ measurements

• Error due to misalignment visible in pictures, i.e. the error of the shift made to correct
data for the visible misalignment

• Uncertainty because the focus setting was changed

• Errors resulting from the analysis of the pictures with the Matlab routine
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As mentioned before (Sect. 6.2.2), the uncertainty of the alignment by the surveyors is less
than 0.006◦ for measured angles.
Due to the visible misalignment in the pictures, a shift of the data points had to be per-
formed in the same way as done in Spring 2005. In x- and y-direction, it is 0.139◦ and
0.015◦ respectively. The error on this shift, resulting from the reading accuracy of the
alignment pictures, is rather large: 0.077◦ and 0.015◦ for x- and y-direction respectively,
since unfortunately the alignment images are blurred due to the lighting conditions.
Furthermore, from changing the focus setting, a contribution to the error of 0.02◦ results.
Since the setting was only changed very rarely, this cannot be seen as a statistical variation
but has to be considered as a systematic error (cp. frequent changes of focus in Spring 2005
during filming in tracking mode, Sect. 5.3.2).
For the determination of the observed center with the Matlab routine, the error of the
Median is calculated by the program. It is different for every picture, but always smaller
than 0.01◦ (typically around 0.003◦ in x and 0.006◦ in y-direction).
The total error combining all these uncertainties is thus approximately 0.0804◦ for the
x-coordinate and 0.0276◦ for the y-direction.

Observations

Two different focus settings have been used for September 23: 30 m and Infinity. As can
be seen in Figure 6.5, where only the errors for one setting are shown, the observed points
of the solar center for the 30 m focus setting are spread more than those for the focus to
Infinity. However within the errors they are all compatible. Infinity 1 and Infinity 2 denote
the same focus setting, but the automatic function of the ST-7 to take pictures subsequently
had to be restarted. Maybe the optics have also been touched in the course of doing so,
thus causing a slight shift.
Averaging over the obtained points leads to the following values:

x̄30m = −0.0242◦ ± 0.0005◦(stat.) ± 0.0803◦(syst.),

ȳ30m = −0.0063◦ ± 0.0005◦(stat.) ± 0.0274◦(syst.);

x̄Infinity1 = −0.0360◦ ± 0.0002◦(stat.) ± 0.0804◦(syst.),

ȳInfinity1 = −0.0188◦ ± 0.0002◦(stat.) ± 0.0274◦(syst.);

x̄Infinity2 = −0.0230◦ ± 0.0008◦(stat.) ± 0.0804◦(syst.),

ȳInfinity2 = −0.0177◦ ± 0.0009◦(stat.) ± 0.0274◦(syst.).

In Figure 6.6, these values are plotted in comparison with the reference point. Furthermore,
the acceptance region of the magnet and the circles for 10% as well as 20% of the solar
diameter are plotted. The mean value of all observed points of this day can be calculated
as:

x̄23.9.05 = −0.026◦ ± 0.001◦(stat.) ± 0.080◦(syst.),

ȳ23.9.05 = −0.011◦ ± 0.001◦(stat.) ± 0.027◦(syst.).

As in Spring 2005, the observed points are slightly too low and a bit too much to the
left. The deviation is well within the error, but nevertheless it indicates that the magnet is



96 CHAPTER 6. FILMING THE SUN: FALL 2005

Filming the Sun on 23.9.2005
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Figure 6.5: Distances in x- and y-direction of the observed solar center from the reference point on
September 23. The reference point was chosen to be the origin of the coordinate system. To provide a
better overview, the systematic errors are included for one focus setting only.

pointing a bit to the upper right of the solar central point. Since the filming setup has been
changed and everything had been installed newly after Spring, this effect should not result
from the filming setup. Also the condition of the magnet cannot be the cause, because in
September a counterweight to compensate for the missing TPC and its shielding was in
place. In any case, within the precision of tracking and filming, the magnet is pointing to
the solar center.

6.3.2 The Second Day of Filming (24.09.2005)

Study of Systematics

Basically, the same systematic errors as for the previous day have to be considered. A shift
in coordinates was however not necessary, since no difference between the tip of the pointer
and the crosshairs was observable. Nevertheless, there is an error on the determination
of a shift from the reading accuracy of the alignment pictures, which is 0.0206◦ for the x-
coordinate and 0.0077◦ for the y-direction. However, these uncertainties are much smaller
than for the previous day, due to the fact that the alignment pictures were clear and sharp.
The error for the Matlab analysis here is again smaller than 0.01◦, however typically around
0.004◦ for x and 0.003◦ for the y-direction. Combining all errors gives uncertainties of the
order O(0.031◦) for x and O(0.030◦) for y.
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Filming the Sun on 23.9.2005
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Figure 6.6: Average of the distances in x- and y-direction of the observed solar center from the reference
point on September 23. The data points were averaged per focus setting. The acceptance region of the
magnet as well as disks of 10% and 20% of the solar diameter are included in the plot.
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Filming the Sun on 24.9.2005
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Figure 6.7: Observed distances in x- and y-direction of the solar center from the reference point on
September 24. The systematic errors are included.

Observations

The focus settings used on the second day of filming were 5 m, 7 m and Infinity. For the
analysis the pictures taken with a focus setting of 7 m were sorted in two groups (trees
visible inside the solar disk and no branches disturbing the view) in order to adjust the
Matlab routine to obtain more accurate fits. Also for this day, the observed points are
lower and more to the left side of the expected solar center (see Fig. 6.7), but still well
within the acceptable region. Averaging the points of each focus setting and plotting them
together with disks of 10% and 20% of the solar diameter as well as the magnet acceptance
region (see Fig. 6.8), one obtains the following mean values with the according statistical
and systematic errors:

x̄5m = −0.0269◦ ± 0.0002◦(stat.) ± 0.0302◦(syst.),

ȳ5m = −0.0207◦ ± 0.0001◦(stat.) ± 0.0233◦(syst.);

x̄7m, NoTrees = −0.0223◦ ± 0.0002◦(stat.) ± 0.0312◦(syst.),

ȳ7m, NoTrees = −0.0217◦ ± 0.0001◦(stat.) ± 0.0237◦(syst.);

x̄7m, WithTrees = −0.0121◦ ± 0.0004◦(stat.) ± 0.0300◦(syst.),

ȳ7m, WithTrees = −0.0315◦ ± 0.0003◦(stat.) ± 0.0227◦(syst.);

x̄Infinity = −0.0219◦ ± 0.0001◦(stat.) ± 0.0300◦(syst.),

ȳInfinity = −0.0312◦ ± 0.0001◦(stat.) ± 0.0230◦(syst.).
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Filming the Sun on 24.9.2005
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Figure 6.8: Average (per focus setting) of the observed distances in x- and y-direction of the solar center
from the reference point on September 24. The acceptance region of the magnet as well as disks of 10%
and 20% of the solar diameter are plotted, too.

The mean value of all observed points of this day can be calculated as:

x̄24.9.05 = −0.020◦ ± 0.001◦(stat.) ± 0.030◦(syst.),

ȳ24.9.05 = −0.027◦ ± 0.001◦(stat.) ± 0.023◦(syst.).

As for September 23, also for this day of filming, the observed points agree with the ex-
pected pointing position within the given tracking accuracy of 0.02◦ and the calculated
errors, and thus the magnet is pointing to the Sun.
Although the systematic error on September 23 was larger due to known reasons, we com-
bine the results of filming for September 23 and 24. However, this mean value does not
really reflect the achievable precision of the filming system. The result of the combination
of both days is:

x̄23&24.9.05 = −0.023◦ ± 0.001◦(stat.) ± 0.054◦(syst.),

ȳ23&24.9.05 = −0.019◦ ± 0.001◦(stat.) ± 0.025◦(syst.).
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Figure 6.9: Left Image: Alignment picture taken on September 28. The two pointers and the crosshairs
are in line. Right Image: For reference in filming pictures the pointers and the crosshairs were marked in
green and red respectively. The blue circle denotes the area in which a full view of the Sun is possible in
order to later check in the filming pictures if parts of the solar disk were cut off.

6.3.3 The Third Day of Filming (28.09.2005)

The third day of filming differs from the others in several ways. Firstly, the double pointer
was used and thus the position of the reference point was easier to determine. In addition to
this, the alignment for this day was better than for the previous days, not demanding a shift
of data points to compensate for a visible misalignment. Moreover, sharp alignment pictures
reduced the error on the determination of the misalignment. A further distinguishing feature
was that the Sun was partly hidden behind the trees instead of being completely observable.
Thus a different method of analyzing the pictures was required.

Study of Systematics

The most precise alignment of the solar filming in Fall 2005 was achieved for the last day of
filming, when using the double pointer (see Fig. 6.9). No change of focus was done after the
alignment was accomplished and checked by the surveyor. This happened at a focus setting
between 5 and 7 m, such that crosshairs as well as pointer could be seen simultaneously
as sharp as possible. No shifts in x and y due to a change of focus can occur, however at
the expense of getting a slightly blurred image of the Sun, due to the fact that it is out of
focus. The remaining sources of systematic errors can thus be summarized as:

• Uncertainty of the surveyors’ measurements

• Error in checking for visible misalignment (No misalignment observable)

• Errors resulting from the analysis of the pictures with the Matlab routine

• Uncertainty from processing the images (Adding several pictures to compensate for
disturbing branches)

As usual the uncertainty of the surveyors’ measurements is given as less than 0.006◦ for
measured angles.
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Figure 6.10: Left Image: Superposition of about 75 pictures taken during filming on September 28. Right
Image: For reference the crosshairs, the pointers and the circle, within which a full view of the Sun is
possible (i.e no disturbances due to disk or sphere occur), are added in the picture.

When checking for a visible misalignment in the pictures, the error in both x- and y-
direction is less than two pixels, i.e. < 0.0052◦.
From using the Matlab routine an uncertainty of about 0.0150◦ results, due to the choice
of the reference point and the fit of the circle.
From processing the pictures an error of not more than 0.0077◦ contributes to the total
systematic error, which can thus be calulated to be less than 0.019◦.

Observations

Due to the fact, that trees were considerably obstructing the view of the Sun, it was not
possible to use single pictures in order to obtain the observed solar centers by tracing the
boundaries and fitting the appropriate circles with the Matlab routine. Instead, about 75
pictures were superimposed. By requiring that only the brighter parts of each image are
shown in the combined picture, one is able to eliminate branches obstructing the view of
the solar disk. However, the obtained image of the solar disk does not show an exactly
circular shape (see Fig. 6.10). Furthermore, the right pointer seems to be smaller than the
left one. This is an effect from superimposing the pictures due to reflections. By using
the references obtained from Fig. 6.9, this latter problem can be solved (see right image in
Fig. 6.10).
The observed distance of the solar center in the superimposed picture from the reference
point obtained by a Matlab fit on the combined image is:

x28.9.2005 = −0.014◦ ± 0.019◦(syst.),

y28.9.2005 = −0.004◦ ± 0.019◦(syst.).

Once more, this shows that the magnet is pointing to the center of the Sun. The observed
point is slightly to the left of the expected center and (hardly noticeable) too low. However,
within the given precision of the filming system and the accuracy of the tracking, everything
looks perfect.



102 CHAPTER 6. FILMING THE SUN: FALL 2005

6.3.4 General Problems and Additional Tests

Shifts of the Picture

After the alignment on the 27th September for the third day of filming, no part of the setup
was touched or moved anymore, except for the filterholder. Nevertheless, when rechecking
the alignment directly before starting to film in the morning of September 28, the whole
picture appeared shifted. However, the setup was still parallel to the magnet axis, which
could be seen in the alignment pictures. So the whole system must have moved parallel
over night or while putting the filterholder in place. In any case, this did not influence the
analysis.
Tests on the following days did not show the same effect again. Probably the weight of the
filter holder shifted the image without changing the alignment.

Influence of the Filterholder

In some pictures taken with the filter holder in place, parts of the image cannot be seen.
The pictures look as if they suffer from a vignetting effect, i.e the outer parts of the pictures
are dark. This happened already before any filter is inserted into the filter holder, thus
excluding the plastic frame of the filter itself as a possible cause for the effect. Since at any
time the sphere, the crosshairs and the Sun are completely within the accessible part of the
pictures, no problems can result from this effect.

6.4 Results and Conclusions

The improved system of March 2005 was used for the solar filming in Fall 2005. The
new camera was placed on a novel and more rigid support allowing easier alignment by
possible movements in various directions. Thus, no vibration effects could be observed in
the pictures. Furthermore the analysis was automatized allowing faster processing of the
obtained images of the Sun.
All three days of filming showed that, within the given precision of the filming system, the
magnet was always pointing to the solar center. None the less, as already noticed in March,
the observed solar centers are a little bit too low and too much to the left with respect
to the expectation, thus indicating that the magnet is pointing too high and slightly too
much to the right. This cannot result from the missing weight of the TPC and its shielding,
since a counterweight was installed in the Fall of 2005. Neither is a systematic error of the
filming setup likely to be responsible for this discrepancy, because the entire system was
completely reinstalled in Fall 2005. Maybe the software for steering the magnet is slightly
ahead in calculating and tracking the solar position (about 10 s).
Overall, the precision of the filming system was further improved to match the accuracy
of the tracking itself. While for the first day of filming the precision was not as high as it
could have been (about 0.080◦ for the x-coordinate and 0.028◦ for the y-direction) due to
insufficient alignment pictures, it was improved for the second day, thus being of the order
O(0.03◦) for both coordinates. With the best alignment on the third day, however, the
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precision of the tracking system could be matched by achieving an accuracy of better than
0.02◦. The results obtained for the first two days of filming were:

x̄23.9.05 = −0.026◦ ± 0.001◦(stat.) ± 0.080◦(syst.),

ȳ23.9.05 = −0.011◦ ± 0.001◦(stat.) ± 0.027◦(syst.);

x̄24.9.05 = −0.020◦ ± 0.001◦(stat.) ± 0.030◦(syst.),

ȳ24.9.05 = −0.027◦ ± 0.001◦(stat.) ± 0.023◦(syst.).

For the third day (September 28), a superposition of several pictures was used, since
branches were obstructing the view of the Sun. This lead to the following result:

x28.9.2005 = −0.014◦ ± 0.019◦(syst.),

y28.9.2005 = −0.004◦ ± 0.019◦(syst.).

All in all, it is possible to say that within the desired precision, the CAST magnet is
pointing to the center of the Sun. Nevertheless, continuing the optical crosschecks is highly
recommendable to consistently provide information on possible changes in the tracking
behavior of the magnet.

6.5 Future Improvements

6.5.1 Setup

For optimizing the quality of the pictures, the Taylor-Hobson sphere with the crosshairs
should be blackened from the outside (as it is from the inside), in order to avoid as much
reflections as possible.
Furthermore, the pointer was only clamped to its support and thus it was difficult to move
and adjust it for the alignment. Maybe the Rexroth profiles used for the support of the
optical system can be utilized here as well. This should not be difficult to accomplish, but
it needs to be designed.
A new double pointer might be useful. It should not consist of two disks screwed together,
but rather of one disk with two pointers attached. Thus, a mismatch of the tips in the
z-direction can be avoided, although this does not influence the alignment of the filming.
However, for a better visual appearance of the center with the same focus setting it would,
however, be recommendable.
The surveyors’ cup must be attached to the vertical profile holding the console for the
camera. Then, the filming system and the surveyors’ cup can be moved simultaneously,
allowing for both the camera and the cup used for alignment of pointer and crosshairs are
in line.
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6.5.2 Alignment

A possible way to align the camera more exactly with the magnet axis, as suggested in a
recent collaboration meeting, is to use the same system as the CCD detector group utilizes
in order to align the telescope [119]. For this purpose a laser beam is aligned with the
magnet by using a theodolite. It is then sent through the tube V1 and its image can be
observed on the CCD chip, thus providing information on where a potential axion signal
could be found within the sensitive area. The same principle can be employed for the
camera, but a new mounting for the laser and the theodolite would be necessary, because
the optical axis of the filming setup is higher than the tube V1, which is used to align the
telescope of the CCD detector [120].

6.5.3 Alternative Crosschecking Methods

In addition to the filming of the Sun, other independent crosschecks have been suggested.
These might be necessary, if recent calculations about an apparent discrepancy of the
galactic coordinates turn out to be true [121]. It seems as if there was a difference between
the galactic coordinates in the logfiles of the CAST experiment and the theoretical ones
calculated for the Sun. According to the mentioned discussion, the latitude shows deviations
from theory of up to ±1◦. For the galactic longitude the maximum deviation might be as
large as 2◦. The deviations are minimal around the vernal and the autumnal equinox,
i.e. at the time when filming is possible, and thus these calculations can unfortunately not
be checked by filming the Sun. A solution could be to film stars instead of the Sun, which
would allow crosschecks at virtually any time of the year. Unlike the Sun, some stars should
always be visible through the window of the experimental hall. Maybe this observations
of the nightly sky can be done using the ST-7. Otherwise a special star tracker2 offered
by the LLNL3 might be applied to crosscheck the accuracy of the tracking system. At
the moment, observations of stars are almost impossible due to emergency lighting in the
experimental area, which cannot be turned off.
It should be mentioned that if the azimuth and the height above the horizon are considered,
the difference between the logged coordinates and the theoretical ones is well within the
tracking precision, i.e. no discrepancy as for galactical coordinates is observable. So, maybe
there is just a misunderstanding in interpreting the data in the logfiles and the observed
apparent deviations in the galactic coordinates turn out to be not significant after all.

2This star tracker is a combination of a telescope and a special software, which enables the exact
determination of a location by comparing observed stars with a star catalog.

3Lawrence Livermore National Laboratory



Chapter 7

Summary

The CERN Axion Solar Telescope (CAST) searches for solar axions by employing the Pri-
makoff effect. A superconducting magnet, which is able to follow the Sun, provides the
magnetic field for the axion-to-photon conversion.
In this thesis an optical crosscheck (Solar Filming) of the tracking system steering the mag-
net is described in detail. The improvements of the already existing system to film the
Sun and the analysis of the solar images obtained during the solar filming in March and
September 2005 are the main objective of this work. Since a high pointing accuracy of the
tracking system is necessary for detecting axions, a high precision of the filming setup was
essential to be able to make conclusive statements on whether the CAST magnet is pointing
to the solar core. The precision of the system used to film the Sun until March 2005, was
about 0.05◦. This accuracy, however, did only include the accuracy of the alignment. No
further errors were initially taken into account.

The former filming setup consisted of a small telescope and a webcam. This was sub-
stituted by a CCD camera and appropriate optics (ST-7 from SBIG with Olympus lenses)
resulting in a much better resolution. A complete system to mount the camera was de-
signed and installed at the experimental site. This includes a new carrier constructed of
Bosch Rexroth Systems and attached to the left side of the magnet as well as an inclinable
platform and a 3D-support for the camera, in order to be able to align it precisely with
the magnet axis. A novel method to assure that the optical axis is indeed parallel with the
magnet pipe was applied, making use of two different targets: A Taylor-Hobson sphere with
wires crossing its center and a pointer. They were aligned with the magnet and then the
camera was placed such that both targets could be seen in line. Several additional changes
were made concerning, for example, the filters used to film the Sun. The advantages of the
final setup are its simultaneous stability and flexibility. Since the system is built to be as
rigid as possible, it is able to damp occurring vibrations, while at the same time it is quite
movable, thus facilitating the alignment by adjusting it to the desired position.

The filming in Spring 2005 was primarily seen as an opportunity to test and improve
the new system, since the magnet was not in its usual operating condition. Nonetheless,
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the Sun could be filmed on three days and the images were analyzed. In Fall 2005, data
were successfully taken on three days. While the analysis of the images taken in March was
still performed by visual judgment, it was automatized for the measurements in September
2005 by using a Matlab routine, which is able to determine the observed solar center in the
pictures.

In Spring 2005, the images taken in filming mode, i.e. with correction for atmospheric
refraction applied when following the Sun, were able to show that the CAST magnet is
pointing to the center of the Sun within statistical and systematic uncertainties of always
less than 0.029◦. The average distances between observed and expected solar center, i.e. the
point where the magnet is aiming at, for Spring were:

x̄Spring 2005 = −0.018◦ ± 0.002◦(stat.) ± 0.026◦(syst.),

ȳSpring 2005 = −0.020◦ ± 0.001◦(stat.) ± 0.028◦(syst.).

Considering the core of the Sun from which most axions are emerging (0.054◦-0.108◦) and
the magnet acceptance region (about 0.532◦), the desired tracking accuracy (always better
than 0.02◦) for CAST is thus confirmed.
A direct check of the tracking software, i.e. without using the filming mode to correct for
refraction but filming in the usual tracking mode to follow the Sun, had a precision of
the order O(0.03◦). Images taken while filming in tracking mode, showed that the change
of the observed refraction during tracking was smaller than expected, however compatible
with theory within the errors. A slight drift in the x coordinate, which is expected to stay
the same, was observed during this filming in tracking mode, indicating a movement of the
magnet from a little too right to a little too left in the tracking. But within the error of
the solar filming, the magnet was pointing at the solar center.

For Fall 2005, the precision was typically around 0.027◦. Due to blurred alignment
pictures, the worst case limited the precision to 0.081◦, while an accuracy better than 0.019◦

could be achieved at best, and thus the precision was further improved in comparison with
Spring 2005. The results for the first two days can be summarized as:

x̄23.9.05 = −0.026◦ ± 0.001◦(stat.) ± 0.080◦(syst.),

ȳ23.9.05 = −0.011◦ ± 0.001◦(stat.) ± 0.027◦(syst.);

x̄24.9.05 = −0.020◦ ± 0.001◦(stat.) ± 0.030◦(syst.),

ȳ24.9.05 = −0.027◦ ± 0.001◦(stat.) ± 0.023◦(syst.).

For the third day, a superposition of several pictures was used, since branches were ob-
structing the view of the Sun, resulting in:

x28.9.05 = −0.014◦ ± 0.019◦(syst.),

y28.9.05 = −0.004◦ ± 0.019◦(syst.).
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Thus, CAST is pointing to the solar center within the precision of the filming setup, which
is able to match the accuracy of the tracking system.
Nevertheless, it should be mentioned that all observed points in March as well as in Septem-
ber 2005 were lower and more to left side than expected. This indicates that the magnet is
pointing slightly too high and a bit too much to the right, thus being about 10 s ahead in
time when tracking. Since this apparent discrepancy is of the order O(0.02◦), it is within
the errors of tracking and filming.

Since most uncertainties originate from the alignment and the changing of the focus
setting during filming causing shifts of the image, alternative crosschecking methods should
be considered for the future.
A first step could be simply to change the alignment procedure of the present filming setup
by using a laser as it is utilized to bring the telescope of the CCD in line with the magnet
bore. This could improve the alignment and make changing the focus setting unnecessary.
A different approach might be to use either the ST-7 or a special star tracker in order to film
stars instead of the Sun. This would allow to constantly crosscheck the magnet movement,
since different stars would be observable through the window of the experimental hall at
virtually any time of the year, while for the Sun this opportunity is only given twice per
annum.

With the completion of CAST’s first phase, the existing limits on the coupling constant gaγ

have already been improved by a factor of 5 using the data obtained in 2003 with no ob-
servable signal above background. Further improvements are expected from the 2004 data
analysis. At the moment, CAST is being prepared for its second phase. The experiment
will extend the axion mass range, which will enable it to enter the theoretical axion regions
as the first laboratory experiment. CAST is pointing at the Sun and ready to explore new
shores, or as Christopher Columbus once supposedly said:

Following the light of the Sun, we left the Old World.
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Appendix A

Setup for Spring 2005

In this part, technical drawings of the ST-7 CCD camera from SBIG can be found: Dimen-
sions are given in Figure A.1 and information concerning the focal plane are to be found in
Figure A.2.
The 3D-support for the ST-7, which was designed and constructed at the mechanical work-
shop of the Albert-Ludwigs-Universität Freiburg, is shown in Figure A.3.
The 3D-support of the camera was too high to use the optical axis for the best view as
determined with the old setup in Fall 2004. Thus, it was necessary to construct a platform
situated lower than the original one. It was screwed to the carrier holding the old platform
and can be seen in Figure A.4.
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Up-Down Movement
(About 1.5 cm total)

Back-Forth Movement
(About 1.5 cm total)

Left-Right Movement

(About 1.5 cm total)

Angular Movement
(About 25° total)

Optical Axis for ST-7
(Support in middle Position)
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Fixing Screw
for Rotation

175 mm
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Figure A.3: Dimensions and functions of the 3D-support for the ST-7. It was constructed at the mechan-
ical workshop of the Albert-Ludwigs-Universität Freiburg.
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Figure A.4: The platform used in Spring 2005 (lower right) was attached to the carrier (left in image) on
the Jura side of the magnet, which supported the old platform. Dimensions are given in Millimeter. The
platform was constructed at the mechanical workshop of the Albert-Ludwigs-Universität Freiburg.



Appendix B

Setup for Fall 2005

For Fall 2005, a new platform was constructed as shown in Figure B.1. It is more rigid
than the one built in March 2005, in order to damp occurring vibrations. At the same
time, it was made to be more flexible allowing movement in various directions, such that
the alignment was simplified. To accomplish both goals simultaneously, a construction of
Bosch Rexroth Modular Profile Systems was used. A console is fixed to a vertical profile
connecting the two horizontal profiles, which are in turn attached to the magnet. The
vertical connection can be moved left and right along the horizontal ones, while in addition
to this, it is possible to adjust the height of the console along the vertical profile. In order
to bring the camera and the optics into a position parallel to the magnet axis, a tiltable
platform is mounted on the console. On top of this whole construction, the 3D-support can
be screwed and used for the fine-adjustment by allowing movements in x, y and z-direction
as well as rotations around the vertical axis.
For safety reasons, a platform with a railing was originally installed on one side of the
magnet. It was meant to prevent people from falling off the magnet while filming. Because
the railing was obstructing the movement of the newly designed Bosch Rexroth construction,
the safety platform and its railing had to be substituted. The dimensions of both old and
new platform with railing can be seen in Figure B.2.
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Front View Side View
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Figure B.1: Carrier and platform constructed using Bosch Rexroth Modular Profile Systems at the
mechanical workshop of the Albert-Ludwigs-Universität Freiburg. A console is attached to the vertical
profile connecting the two horizontal ones. On this console a tiltable platform is mounted. When the
3D-support is screwed on top of it, the camera can be aligned with the magnet.
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900 mm (New)
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Figure B.2: Old and new safety platform built at the mechanical workshop of the Albert-Ludwigs-
Universität Freiburg. It was necessary to change the safety platform, in order to allow the movement of
the vertical profile holding the console along the horizontal ones: the old railing was in the way.



Appendix C

Matlab-Scripts

The following Matlab routines can be used to process the pictures taken with the ST-7. It is
assumed that the images were acquired in the autograb mode, which means that the ST-7
automatically takes consecutive pictures and saves them under a given name attaching the
number of the picture. For example, the 128th picture taken is named sun128.tif.

The first program (RotateAll.m) rotates the pictures. This is done because the ST-7 is
mounted upside-down and it is just easier for visual crosschecks to have them in the correct
orientation. After rotating, the files are saved under their old name with the extension
Rotated attached to it, e.g. sun128Rotated.tif.
The second routine (Filming.m) is the actual program to extract the observed solar center
and its distance from the expected one. It uses the rotated pictures created with Ro-
tateAll.m and saves all results (pictures with fit as well as data) to files.
AddData.m reads in all data files and creates an Excel file for spreadsheet analysis. Other
formats can be used as well.
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RotatedAll.m

for i=0:9  %3rd number 
    try 
    for j=0:9  %2nd number 
        try 
        for k=0:9  %1st number 
            try

            name='E:\Filming\sun';   %%%Source directory for raw pictures 
            name=strcat(name,int2str(k)); 
            name=strcat(name,int2str(j)); 
            name=strcat(name,int2str(i)); 
            name=strcat(name,'.tif'); 
            name;                     %%% Name of source file complete 

            RGB = imread(name);      %%% Read sourcefile 
            %figure, imshow(RGB);    %%% Show source picture 
            B= imrotate(RGB,180);    %%% Rotate source file = output file 
            %figure, imshow(B);         %%% Show rotated file 

            name2='E:\Filming\sun';  %%%Creating new name 
            name2=strcat(name2,int2str(k)); 
            name2=strcat(name2,int2str(j)); 
            name2=strcat(name2,int2str(i)); 
            name2=strcat(name2,'Rotated','.tif'); 
            name2; 

            imwrite(B,name2)         %%% Save rotated file 
            catch 
                continue 
            end 
        end 
        catch 
            continue 
        end
    end 
    catch 
        continue 
    end 
end

Filming.m

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%    Loop to call all pics   %%%%%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
for i=0:9  %3rd number 
    try 
    for j=0:9  %2nd number 
        try 
        for k=0:4  %1st number 
            try

             name='E:\Filming\sun'; %%% Source directory of rotated pics containing autograbbed                                
name=strcat(name,int2str(k));  %%% pictures of type sun001Rotated.tif 

            name=strcat(name,int2str(j)); 
            name=strcat(name,int2str(i)); 
            name=strcat(name,'Rotated','.tif'); 
            name;                %%%name is now the complete name of the source file. 
            RGB = imread(name);  %%% Read image and display it 
            figure,imshow(RGB); 

            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            %%%%%%%%%%%%%%%%%    Median filter  %%%%%%%%%%%%%%%%%%%%%% 
            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            RGB_median = medfilt2(RGB,[3 3]); 

            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            %%%%%%%%%%%%%%%%%  IMOPEN  %%%%%%%%%%%%%%%%%%%%%%%% 
            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            se = strel('disk',3);   %%%Remove objects having radius less then 3 pixels by opening 
                                    %%% it with the disk-shaped structuring element created above. 
            RGB_opened = imopen(RGB_median,se); 

            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            %%%%%%%%%%%%%%%%%  IMCLOSE %%%%%%%%%%%%%%%%%%%%%%%% 
            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            see = strel('disk',2); %%%Perform a morphological close operation on the image                               
            RGB_closed = imclose(RGB_opened,see); 
            threshold = graythresh(RGB_closed); 
            BW = im2bw(RGB_closed,threshold);%%%Convert image to Black and White 
            imshow(BW);                 
            g = imshow(RGB);       %%%Show Original picture 
            hold on;               %%%and wait for further additions to it 

            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            %%%%%%%%%%%%%%%% Tracing the Boundary%%%%%%%%%%%%%%%%%%%% 
            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            for n =1:80 

                %%%%%%%%%%%%%%%%%%%%% 
                %%%Choose column and row to start%% 
 %%%%%%%%%%%%%%%%%%%%% 
                dim = size(BW);    %%%Array dimension 
                col = round(dim(2)/2)-60+(n*2);%%%Choose start column 
                row = min(find(BW(:,col)));%%%Take minimum of index from array BW whole row for                                
          %%% column col 

                connectivity = 8;   %%%Specifies the connectivity to use when tracing the boundary                
                num_points   = 100; %%%Maximum number of boundary pixels to extract 

try 
                contour1 = bwtraceboundary(BW, [row, col], 'N', connectivity, num_points); 
                catch    %%% N denotes the starting direction, here: North 
                    continue 
                end 
                     […] 
                try 
                contour8=bwtraceboundary(BW,[row4,col4],'S',connectivity, num_points,'counterclockwise'); 
                catch
                    continue 
                end 

                contour=[contour1;contour2;contour3;contour4;contour5; contour6;contour7;contour8]; 
%%%Clockwise and counterclockwise 

                plot(contour(:,2),contour(:,1),'r','LineWidth',1);  
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                %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
                %%%%%%%%%%%%%%     Fit the Image  %%%%%%%%%%%%%%%%%%%%%%% 
                %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
                x = contour(:,2); 
                y = contour(:,1); 
                abc=[x y ones(length(x),1)]\[-(x.^2+y.^2)];%%%Solve for  
                                                           %%%parameters 
                                                           %%%a, b, and c 
                a = abc(1); b = abc(2); c = abc(3); 

                %%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
   %%% Calculate the location of the center and the radius % 

                %%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
                xc = -a/2; 
                yc = -b/2; 
                radius  =  sqrt((xc^2+yc^2)-c); 
                try 
                    if (radius > 100)& ~(radius > 106)  %%%Excluding too small and too large radii                             
                        format short 
                        r(n) = [radius]; 
                        xcenter(n) = [xc]; 
                        ycenter(n) = [yc]; 
                    elseif (radius <= 100) 
                     error('Radius unreasonable (too small)!') 
                    elseif (radius >= 106) 
                     error('Radius unreasonable (too large)!') 
                    end 
                catch 
                    continue 
                end 
            end 

            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            %%%%%%%%%% Save TracePic as TIF, EPS and JPG %%%%%%%%%%%%%%%%%%
            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            name02='E:\Filming\sun'; %%%Set name for traced output file as tif 
            name02=strcat(name02,int2str(k)); 
            name02=strcat(name02,int2str(j)); 
            name02=strcat(name02,int2str(i)); 
            name02=strcat(name02,'EditedRotatedTrace.tif'); 
            name02; 
            saveas(gcf,name02,'tif'); 
            name03='E:\Filming\sun'; %%%Set name for traced output file as eps 
            name03=strcat(name03,int2str(k)); 
            name03=strcat(name03,int2str(j)); 
            name03=strcat(name03,int2str(i)); 
            name03=strcat(name03,'EditedRotatedTrace.eps'); 
            name03; 
            saveas(gcf,name03,'eps'); 
            name04='E:\Filming\sun'; %%%Set name for traced output file as jpg 
            name04=strcat(name04,int2str(k)); 
            name04=strcat(name04,int2str(j)); 
            name04=strcat(name04,int2str(i)); 
            name04=strcat(name04,'EditedRotatedTrace.jpg'); 
            name04; 
            saveas(gcf,name04,'jpg'); 

            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%             
            %%%%%%%%%%%%%  Median of Radius %%%%%%%%%%%%%%%%%%%%%%%%  
            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            r2=[];                  %%%Empty new array 
            ende=size(r);           %%%Dimension of radius 
            for m=1:ende(2)  
                    if r(1,m)~=0 
                    r2(size(r2,2)+1)=r(m); 
                    end 
            end 
            r=r2; 
            mradius=median(r2);   %%%Median: When there is an odd number of numbers, the median 
                                   %%% is simply the middle number. When there is an even number 
                                 %%% of numbers, the median is the mean of the two middle numbers                    

            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            %%%%%%%%%%%%%%      Median of center of circle     %%%%%%%%%%%%%%%%% 
            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

            %%%%%%%%%%%% 
            %%%x coordinate %% 
            %%%%%%%%%%%% 
            xcenter2=[];           %%%Empty new array 
            ende=size(xcenter);    %%%Dimension of xcenter 
                for m=1:ende(2) 
                    if xcenter(1,m)~=0 
                    xcenter2(size(xcenter2,2)+1)=xcenter(m); 
                    end 
                end 
            xcenter=xcenter2; 
            sx1 =std(xcenter2);    %%%Standard deviation 
            sx2=1.253*sx1;         %%%Median error 
            sx3=sx2*9.27/3600;     %%%Transformation from pixels into degrees 
            mxcenter=median(xcenter2);   %%%Median xcenter 

            %%%%%%%%%%%% 
            %%% y coordinate %% 
            %%%%%%%%%%%% 
            ycenter2=[];           %%%Empty new array 
            ende=size(ycenter);    %%%Dimension of xcenter 
                for m=1:ende(2)  
                    if ycenter(1,m)~=0 
                    ycenter2(size(ycenter2,2)+1)=ycenter(m); 
                    end 
                end 
            ycenter=ycenter2; 
            sy1 =std(ycenter2);    %%%Standard deviation 
            sy2=1.253*sy1;         %%%Median error 
            sy3=sy2*9.27/3600;     %%%Transformation from pixels into degrees 
            mycenter=median(ycenter2);   %%%Median xcenter 

            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            %%%%%%  Distance between observed Sun center and reference (pixel) %%%%%%%%% 
            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            referencex=246;  %%% x coordinate from alignment picture 
            referencey=285;  %%% y coordinate from alignment picture  
            mdistancex=mxcenter-referencex; %%%Distance of observed center 
            mdistancey=referencey-mycenter; %%%and reference point in x, y 

            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            %%%%%%% Distance between observed Sun center and reference (degree) %%%%%%%% 
            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            distancedegreex=9.27*mdistancex/3600; %%%9.27 is the FoV of one pixel of the ST7 in arcsec 
            distancedegreey=9.27*mdistancey/3600; %%% and the factor 1/3600 for conversion to degree 

            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            %%%%%%%%%%%% Plotting the Median Circle and its center %%%%%%%%%%%%%% 
            %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
            figure,imshow(RGB) 
            hold on; 
            plot(mxcenter,mycenter,'mx','LineWidth',2); %%%Display the Median calculated center 
            theta = 0:0.01:2*pi;    %%%Plot the entire circle 

            %%%Use parametric representation of the circle to obtain coordinates of points on the circle: 
            Xfit = mradius*cos(theta) + mxcenter; 
            Yfit = mradius*sin(theta) + mycenter; 
            plot(Xfit, Yfit,'m','LineWidth',1);  

            %%%Messages to plot in Image 
            message1 = sprintf('The radius is %2.0f pixels.', mradius); 
            message2 = sprintf('The x coordinate of center is %2.0f pixels.', mxcenter); 
            message3 = sprintf('The y coordinate of center is  %2.0f pixels.', mycenter); 
            message4 = sprintf('The distance in x of expected center and observed center is %2.0f pixels, 

 i.e. %2.3f degree.', mdistancex, distancedegreex); 
            message5 = sprintf('The distance in y of expected center and observed center is %2.0f pixels,  
                 i.e. %2.3f degree.', mdistancey, distancedegreey); 
            text(15,15,message1,'Color','y','FontWeight','bold','FontSize',8); 
            text(15,30,message2,'Color','y','FontWeight','bold','FontSize',8); 
            text(15,45,message3,'Color','y','FontWeight','bold','FontSize',8); 
            text(15,60,message4,'Color','y','FontWeight','bold','FontSize',8); 
            text(15,75,message5,'Color','y','FontWeight','bold','FontSize',8); 
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            %%%Save FitPic as TIF, EPS and JPG 
            name2='E:\Filming\sun';%%%Set name for fitted output file as tif 
            name2=strcat(name2,int2str(k)); 
            name2=strcat(name2,int2str(j)); 
            name2=strcat(name2,int2str(i)); 
            name2=strcat(name2,'EditedRotatedFit.tif'); 
            name2; 
            saveas(gcf,name2,'tif'); 
            name3='E:\Filming\sun';%%%Set name for fitted output file as eps 
            name3=strcat(name3,int2str(k)); 
            name3=strcat(name3,int2str(j)); 
            name3=strcat(name3,int2str(i)); 
            name3=strcat(name3,'EditedRotatedFit.eps'); 
            name3; 
            saveas(gcf,name3,'eps'); 
            name4='E:\Filming\sun';%%%Set name for fitted output file as jpg 
            name4=strcat(name4,int2str(k)); 
            name4=strcat(name4,int2str(j)); 
            name4=strcat(name4,int2str(i)); 
            name4=strcat(name4,'EditedRotatedFit.jpg'); 
            name4; 
            saveas(gcf,name4,'jpg'); 

            %%%Save Radius and Center, distances and errors 
            name5='E:\Filming\sun';%%%Set name for data output file 
            name5=strcat(name5,int2str(k)); 
            name5=strcat(name5,int2str(j)); 
            name5=strcat(name5,int2str(i)); 
            name5=strcat(name5,'DataRotated'); 
            name5; 
            save(name5,'mradius','mxcenter','mycenter','mdistancex','mdistancey', 
            'distancedegreex','distancedegreey','sx3','sy3','-ASCII') 
            catch 
                continue 
            end 
        end
        catch 
            continue 
        end 
    end 
    catch 
        continue 
    end 
end

AddData.m 

b=[];
for i=0:9  %3rd number   %%%  Iteration over all Pics 
    try 
    for j=0:9  %2nd number 
        try 
        for k=0:5  %1st number 
            try 

            name1='E:\Filming\sun';%%% Set name for Data file to be read 
            name1=strcat(name1,int2str(k)); 
            name1=strcat(name1,int2str(j)); 
            name1=strcat(name1,int2str(i)); 
            name1=strcat(name1,'DataRotated'); 
            name1; 

            fid = fopen(name1);      %%%Open File to be read  
            C = textscan(fid, '%f %f %f %f %f %f %f');  
            C{1}; 
            c = C{1}';             %%%Transpone to 1 line with three columns 
                                   

            B=[b;c];    %%%Definition of B: Take Matrix b and add the vector c (=line) 
            b=B;        %%%Set new b as B such that in the next iteration a new line c is added 

            fclose(fid); 

            catch 
                continue 
            end 
        end
        catch 
            continue 
        end 
    end 
    catch 
        continue 
    end 
end
B
xlswrite('E:\Filming\sunRotated, B)   %%%Write B to xls-file 
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