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Slunečka, Ing. Miroslav Král, Ph.D. and Dr. Matthias Schott, who were always near and

ready for various discussions. I am also very grateful for attentive reading, advices and

ingenious questions of my consultant RNDr. Ivan Procházka, CSc., whose experiences

and outer point of view were really conducive.

During the last optimizing measurements, which took place in Prague at the De-

partment of Low Temperature Physics at our faculty, the help of many people was quite

essential. I would like to thank to prof. RNDr. Josef Štěpánek, CSc. from Division of
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Introduction

When looking for new particles, not only TeV colliders such as LHC (Large
Hadron Collider) are needed to be built. Many extensions of the Standard Model,
in particular those based on supergravity or superstrings, predict not only mas-
sive particles like WIMPs (Weakly Interacting Massive Particles), but also WISPs
(Weakly Interacting Sub-eV Particles), such as the axion. The detection of the
latter mentioned particles should be possible in low energy experiments based for
example on lasers, cavities, strong electromagnetic fields etc. The OSQAR exper-
iment [1, 2, 3, 4] emerges low energy frontier of particle/astroparticle physics.

Axions are hypothetical elementary particles promising to solve some fun-
damental problems in modern physics (strong CP problem, dark matter etc.).
According to the theoretical models it is expected, that axions are very weakly
interacting particles. In order to experimentally detect them, the use of colorful
and inspired techniques becomes mandatory [5]. During last 30 years, various
experimental approaches were developed [6] and many of them use the Primakoff
effect (the photon-axion conversion in the presence of the strong electromagnetic
field). Though number of experiments attempted to detect this hypothetical par-
ticle, there were still no positive results published.

The OSQAR experiment uses strong magnetic fields (provided by LHC di-
poles) combined simultaneously with the powerful laser beam in two distinct
experiments (the photon regeneration and ultra-fine magnetic birefringence of
the vacuum) to prove experimentally the existence of axions or disconfirm the
hypotheses in specific mass/coupling regions. Furthermore, also other particles
such as light scalars on paraphotons could arise from the measurements depending
on the setup of the experiment.

In OSQAR Collaboration participate 11 institutions from 4 countries. At
present, the experiment is in the state of preparation. The experimental setup
as well as particular devices are still being developed or calibrated and measure-
ment modes optimized. Concerning the specific characteristics of the setup, the
great advantage lies in the use of two LHC dipoles, each of which produces very
homogenous and strong magnetic field 9T on an impressive length 14.3m. The
laser beam going through this field is then of the power up to 20W (present
state).
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In this work, we get from historical and theoretical background through the
presentation of the setup of OSQAR experiment and data acquisition strategy
to the innovative change proposals. The properties of particular parts of the ex-
perimental setup (especially the laser and CCD detector) are being discussed,
calibration measurements done and improvements proposed. These are the im-
portant steps to go further in the search, to increase the sensitivity to explore
wider range of possible axion properties.
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Chapter 1

Basic facts

1.1 OSQAR collaboration

The acronym OSQAR stands for quite a long term: Optical Search of QED vac-
uum magnetic birefringence, Axion and photon Regeneration. In OSQAR Col-
laboration participate 11 institutions (including Faculty of Mathematics and
Physics at Charles University in Prague) from 4 countries (Czech Republic,
France, Poland and Schwitzerland). It was officially approved in 2007 and at
present it is in the state of preparation.

The experimental setup takes place in the LHC (Large Hadron Collider) test
hall (SM18) at CERN (European Organization for Nuclear Research, Geneve,
Schwitzerland), where two spare LHC dipole magnets are for this purpose acces-
sible together with all necessary related infrastructure for cooling them down to
low temperatures (Fig. 1.1).

1.2 Axion historical background

Axion is a hypothetical elementary neutral spin-zero particle, more precisely a
light pseudo-Nambu-Goldstone boson [7, 8]. Its history started in 1977, when
Roberto Peccei and Helen Quinn proposed their (still the most well-known and
plausible) solution to the strong CP problem [9]. This problem is based on the
fact, that there are terms in the QCD (Quantum Chromodynamics) Lagrangian
which are able to break the CP-symmetry, but from experiments (such as neu-
tron electric dipole moment measurements [10]) there is no indication of any CP
violation in the QCD sector (compared for example to the electroweak theory).
With the Peccei-Quinn symmetry, a light and weakly interacting particle is as-
sociated that was named by Frank Wilczek based on experience from day-to-day
life: I named them after a laundry detergent, since they clean up a problem with
an axial current (Frank Wilczek, Nobel lecture 2004) ([8] preface, [11]). The ex-
istence of our mysterious particle was also independently predicted by Steven
Weinberg [7].

In addition to fundamental problems in QCD, axions are also hot candidates
for the so called cold dark matter (dark for that it cannot be observed by its
electromagnetic radiation, and cold because its constituent particles move slowly)
and similar particles are naturally presented in the string theory too.
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Figure 1.1: Layout of the LHC superconducting magnet test plant consisting of
12 test benches grouped in 6 clusters (A to F) in the SM18 hall. The benches B1
and E1 (in the tight neighbourhood of sectors A and D) are provided for OSQAR.
source: <http://cdsweb.cern.ch/record/1072483/files/spsc-2007-039.pdf>

1.3 Experimental verification of the existence of the axion

There are in principle two ways, how to verify the existence of axions in a purely
laboratory self-dependent experiment, in both cases using the laser induced mea-
surements. Namely we talk about the ”light shining through a wall” (or the pho-
ton regeneration) experiment and tests probing the magneto-optical properties of
the vacuum (referring to Vacuum Magnetic Birefringence or VMB).

The first (rather direct) method will be discussed later, because it is at present
the leading goal of the OSQAR experiment. The later mentioned (rather indirect)
method based on the measuring of VMB has its roots quite deep in the past (in
1936) since this effect was predicted by Euler, Heisenberg and Weisskopf [5]. Ac-
cording to QED (Quantum Electrodynamics), the vacuum behaves as an optically
active medium in the presence of an external magnetic field, what can be tested
experimentally with a linearly polarized laser beam propagating perpendicularly
to the field direction. In this way, the linear polarization of the laser beam should
change to elliptical. But contributions to the VMB could also arise from the ex-
istence of light scalar or pseudoscalar particles like axions that couple to two
photons and this would manifest itself as a sizable deviation from the initial pure
QED prediction. But this very fine effect is difficult to measure and represents
quite a great challenge for optical measurement techniques.
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Effects of the magnetic field on the vacuum causing the rotation of the po-
larization of the laser light was tested in PVLAS (Polarizzazione del Vuoto con
LASer) experiment in Legnaro National Laboratory of National Institute of Nu-
clear Physics near Padova, Italy [12]. Although it was for the first time, when a
positive result regarding the existence of axions was measured, it was soon dis-
claimed. Other experiments concerning the axion problem are for example ALPS
(Any Light Particle Search) at DESY, Germany [13], which is now the competi-
tion for OSQAR or the BMV project (Birefringence Magnetique du Vide), France
[14].

1.4 Experimental setup

The setup of the OSQAR experiment at present is quite simple (schematically
shown in Fig. 1.2). Everything starts with a high power laser (details in sec-
tion 4.1), whose beam is with the help of mirrors properly directed into the
entrance of the LHC dipole magnet (details in section 4.3). Here the photons
of the laser beam interact with the virtual photons of the magnetic field, which
should lead in a conversion (Primakoff effect) to an axion (similar to quantum
oscillations of neutrinos [1]). Going through the whole magnet the primary laser
beam is being stopped by the usual brick just after it leaves the dipole on the
other side. Axions, that could arise from the photon-photon interaction, are very
weakly interacting with the normal matter, hence it is easy for them to propagate
behind the brick into the second superconducting magnet of the same type as the
first one. Here the reverse conversion process takes place. In the positive case,
photons are generated in the magnetic field and through the focusing lens strike
upon the CCD (charge-coupled device) detector (details in section 4.2) at the end
of the dipole, the last part of the setup, where they are registered.

Using a similar principle, another experiment called CAST (CERN Axion
Solar Telescope) is running in CERN [15]. But in this case, not laser induced
axions but in the sun produced particles should be converted back to photons in
the old LHC dipole prototype magnetic field to be detected in the X-ray region.

Magnet Magnet

B0 B0

Wall

Laser
CCD

detector
a

L L

Figure 1.2: Basic experimental setup for a photon regeneration experiment
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Chapter 2

Derivation of conversion probability

The light neutral pseudoscalar φp couples to two photons through fermions via
the triangle anomaly [6]. To show briefly the basic calculation of a photon to
axion conversion probability we consider the Lagrangian density L of the form

L = − 1

4µ0

FµνF
µν +

1

2h̄c

[

∂µφp∂
µφp −

(

mpc

h̄

)2

φ2
p

]

+
1

4µ0

gφpFµνF̃
µν , (2.1)

where mp is the pseudoscalar mass, g is a coupling constant and Fµν and F̃ µν

are electromagnetic field tensor and its dual tensor respectively defined as (while
Aµ being electromagnetic 4-potential)

Fµν = ∂µAν − ∂νAµ F̃ µν =
1

2
εµνκλFκλ . (2.2)

Obviously, the first term in the Lagrangian (2.1) describes the electromag-
netic field, the second is leading to the well-known Klein-Gordon equation for the
pseudoscalar φp and the third one is the interaction term.

Euler-Lagrange equation of motion for a field φ is

∂µ

(

∂L
∂(∂µφ)

)

=
∂L
∂φ

. (2.3)

If we use this formula for both φp and Aν (considering a static magnetic filed and
real photons [16]), we get

µ0

h̄

[

∂µ∂
µ +

(

mpc

h̄

)2
]

φp = gE ·B

∂µ
[

F νµ + g(φpF̃
µν)
]

= 0 . (2.4)

Now we should introduce the notation used in the following text. The Energy
of the initial photon (Eγ) as of the pseudoscalar (Ep) is

Eγ = Ep = h̄ω (2.5)

and their momenta are then

pγ = h̄kγ =
Eγ

c
=

h̄ω

c
pp = h̄kp =

1

c

√

E2
p −m2

pc
4 =

√

√

√

√

(

h̄ω

c

)2

−m2
pc

2 .

(2.6)
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Figure 2.1: Feynman diagram for an axion exchange

In [6], the solution of equations (2.4) is written in the form (note that ratio-
nalized natural units are used, in which we put h̄=c=1)

φ(±)
p (r, t) = e−iωt

∫

1

4π

e±ikp|r−r
′|

|r− r′| gE(r′) ·B(r′)d3r′ (2.7)

If we consider the magnetic field

B(r) = x̂B(z) (2.8)

and the polarization of the laser beam

E(r, t) = E(r)e−iωt = x̂E0e
ikγ(z−ct) =⇒ B ‖ E , (2.9)

we can write the solution (2.7) in the form

φ(+)
p (r, t) =

iE0

2kp
g
(∫

B(z)dz
)

F (ω − kp)e
i(kpz−ωt) , (2.10)

what leads to the probability Πγa of a photon to axion conversion (γγ ↔ a, see
Fig. 2.1) in an external static homogeneous magnetic field B(z)=B0 acting on
the length L measured in the direction of the laser beam propagation (parallel
to ẑ)

Πγa =

(

ω

kp

)

(

gB0L

2

)2

|F (ω − kp)|2 , (2.11)

where F (q) is a form factor for the magnetic region

F (q) =

∫

B(z)e−iqzdz
∫

B(z)dz
, (2.12)

which in our case has the form

|F (q)|2 = 1

L2

∣

∣

∣

∣

∣

∫ L

0
e−iqzdz

∣

∣

∣

∣

∣

2

= sinc2
(

qL

2

)

. (2.13)
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According to more precise and better documented way in [17], the following
result is obtained (using our notation)

|φ(1)
Trans(z, t)|2 =

(gB0)
2

m4
p

(

ω2

k2
p

)

(ω + kp)
2 sin2

[

L

2
(ω − kp)

]

, (2.14)

which is in accordance to (2.11), when we consider that

(ω + kp)
2

m4
p

=
(ω2 − k2

p)
2

(ω − kp)2m4
p

=
1

(ω − kp)2
. (2.15)

For axion to photon conversion we would get

|a(1)Trans(z, t)|2 =
(gB0)

2

m4
p

(ω + kp)
2 sin2

[

L

2
(ω − kp)

]

. (2.16)

To sum it up, we could write for both processes

Πγa =

(

gB0Lω

2kp

)2

sinc2
(

qL

2

)

Πaγ =
(

gB0L

2

)2

sinc2
(

qL

2

)

. (2.17)

Consider then the situation when mp�ω, then ω/kp'1 and

q = ω − kp = ω − ω

√

1− m2
p

ω2
' ω

[

1−
(

1− m2
p

2ω2

)]

=
m2

p

2ω
. (2.18)

In case that m2
pL/4ω is also small, then sinc2(qL/2) ' 1 and finally we have [6]

Πγa ' Πaγ '
(

gB0L

2

)2

. (2.19)

Otherwise, when the conversion process takes place in the medium of refractive
index nr=

√
ε , probability introduced in (2.11) (together with (2.13)) is modified

[1, 18] into

Πγa =
ω

nrkp

(

gB0L

2

)2

sinc2
(

qL

2

)

. (2.20)

Considering the appropriate change in the photon momentum, one have to choose
between two interpretations. A solution of the well-known Abraham-Minkowski
controversy was recently shown [19]. Due to the character of our experiment,
kinetic momentum (Abraham form) is used, i.e. kγ=ω/nr. We have then for mo-
mentum transfer

q =
ω

nr

− kp = ω





1

nr

−
√

1− m2
p

ω2



 . (2.21)

The maximum of conversion probability (2.20) corresponds to the limit q→0,
hence the optimal refractive index would be (again we consider mp�ω)

nr =





1
√

1− m2
p

ω2



 '
(

1 +
m2

p

2ω2

)

. (2.22)

Then we have nr'1. These conditions are obtainable when the air of suitable
pressure is used as the medium.
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Leaving the axions for a while, it can be noted that if the polarization of the
laser beam was set to be perpendicular to the magnetic field

E(r, t) = E(r)e−iωt = ŷE0e
ikγ(z−ct) =⇒ B ⊥ E , (2.23)

the same experimental setup should be sensitive for light scalar particles. For a
scalar field φs [1] the Lagrangian density (2.1) would change into

Ls = − 1

4µ0

FµνF
µν +

1

2h̄c

[

∂µφs∂
µφs −

(

msc

h̄

)2

φ2
s

]

+
1

4µ0

gφsFµνF
µν . (2.24)

Then the equations of motion (2.4) can be rewritten in the form

2µ0c

h̄

[

∂µ∂
µ +

(

msc

h̄

)2
]

φs = g
(

c2B2 −E2
)

∂µ [F
νµ + g(φsF

µν)] = 0 . (2.25)

The photon regeneration experiment can be also performed, when no magnetic
field is applied (i.e. B=0). In this case a search for paraphotons γp is done.
The oscillations should occur between the noninteracting massive photon (or
paraphoton) and the massless interacting one with the probability

Πγγp '
(

m2
γp
L

4ω

)2

sin θ , (2.26)

where θ is the mixing angle and mγp is the paraphoton mass [3].
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Chapter 3

Axion search

3.1 Introduction

The search for axions using a typical setting of the photon regeneration ex-
periment still remains the main aim of the OSQAR experiment. In this case, the
formula (2.19) is crucial (note that rationalized natural units are used, in which
we put h̄=c=1)

Π ' 1

4
(gB0L)

2, (3.1)

where Π is a probability (i.e. a dimensionless quantity) of a photon to axion
conversion (and vice versa) in an external static homogeneous magnetic field B0

acting along the length L measured in the direction of the laser beam propagation
and g is a coupling constant.

At the OSQAR experiment there is one substantial advantage in a possibility
of using two LHC dipole magnets to produce a strong homogeneous magnetic
field (B0=9T) on a quite impressive length (L=14.3m) in the long term (details
in section 4.3). Thus in (3.1) we have then only one unknown parameter g and
the rest is given by the setup of the experiment.

If we would like to estimate an expected number of photons detected by the
detector per unit of time n, we should calculate the number of photon emitted by
the laser per one second and multiply it with the conversion probabilities intro-
duced above. We can detect photons only after their at least double conversion
due to the effects of the magnetic field. The final formula is then (using SI units)
given by

n =
Pλ

hc
Π2η, (3.2)

where P is the power of the laser, λ is the wavelength of the laser light, h=2πh̄
is the Planck constant and η is the overall efficiency of the experimental setup
(including detector sensitivity, reflection losses etc.). These parameters (related
to the laser and detector) can all be altered.
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3.2 Data acquisition

The whole experiment is deeply dependent on the superconducting magnets.
This is tightly connected with cooling them down to 1.9K. During the summer
2010 we had an opportunity to make some measurements.

In general, the procedure of data acquisition is as follows. At first it is neces-
sary to turn on the magnetic field. The linearly polarized photon beam coming
from the laser tube (the direction of the polarization is vertical, parallel to the
magnetic field) is then properly aligned through the pipes in the pair of supercon-
ducting dipoles and the focusing lens into the detector so a round undeformed spot
on the CCD chip covering should be visible. After that, the brick is put between
the magnets and the parts around the detector are tightly covered to prevent
photons from the surroundings to make an artificial signal. This, for the light
isolated space, we call the dark chamber (the term is used later). Then only the
power of the laser is set to the maximum and the measurement could be started.
In this setup, pseudoscalars should be generated (2.7). All can be repeated with
the perpendicular polarization of the beam with respect to the magnetic field
orientation while light scalar particles are generated. After this part is finished,
the laser should be turned off and the background measured. The last step is
to check, if the alignment of the laser remained stationary. If everything is all
right, the data can be used for further treatment. Detailed informations about
conditions which could effect the measurements are written into the logbook.

It must be mentioned that during the last run (summer 2010) the procedure
was not obeyed ideally according to previous description. The first priority was
laid on the measurements with the laser beam linearly polarized perpendicular
to the magnetic field (half-wave plate at 91◦) and magnetic field switched on
(i.e. not pseudoscalar but scalar particles production mode). The background
was measured after the possibility of the cooling of the magnets ran out and
the beam alignment check was made even later. Due to problems with the CCD
detector no serious data with another beam polarization were acquired. Never-
theless, obtained data could be still used for the testing of functionality and for
the optimization of the whole experimental setup.

3.3 Data treatment

The detector service software (details in section 4.2) generates files in SPE
format containing predefined number of frames of an equal exposure time, which
must be sorted very carefully (because of cosmic rays and noise issues, which
will be discussed later). An example of the frame (i.e. single position spectrum
measurement or some people could compare it to the camera shot) we worked
with is in Fig. A.1, where also effects of a simple cosmic ray filtering are shown. In
fact, in this case we use the term frame for the result of the hardware summation
of all rows of the CCD chip (which is 2-dimensional) right after one measurement
of exposure time ε is performed.

The files are at the beginning converted into more universal format thanks to
our friend Vladimir Jary and his spe-tools solution [20]. The strategy of the data
treatment is more or less simple. All the used frames are at first filtered from the
cosmic rays (or cosmics, Fig. A.1, details in section 4.2). Then the signal (laser
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ON) and background (laser OFF) frames are separately summed together and in
the end subtracted from each other. If we plot the result as a curve, we should
see in positive case a shape of the original laser beam growing up from the noise.
After the simulation was done (see chapter 5), it does not seem to be necessary
to make the final subtraction to get the result.

Final plots of the last measurements are shown in Fig. A.2, A.3 and A.4. You
can find the file names and numbers of the used frames in the key of the plot.
The summation of the signal frames is denoted by the line with plus sign on the
position of each value point (-+-). The background one is then the curve with
x sign (-x-). The intensity scale for two previously described lines is on the left
vertical axis. Total integration time for each summation is written in the heading
of the figure. Signal and background curves both consist of the same number
of frames. The bottom curve is always the subtraction of the summation curves
(signal–background) with the scale axis on the right.

3.4 Discussions

From the plots (Fig. A.2, A.3 and A.4) it is obvious, that in general, we did not
find any clear proof for an existence of particles of our interest. But we can use
the results also as the guide for future measurements. It is really important to
choose the right exposure time. There are two main factors, which we must take
into account: cosmics and electronic noise.

Although it is possible to avoid the cosmic rays to intrude into the measure-
ments and to filter them in the end from the spectra, we cannot get rid of the
noise. When the shutter (placed right before the chip) is opened for a very short
time, not many of the coming photons can be recorded compared to the random
noise. We can see the example in the data taken. From the 5min expositions
summed together (Fig. A.4) we can see, that our dark chamber was not ideal.
Some photons were still able to go inside and make a noticeably change in the
shape of a presumed straight line. Apparently the exposure time of 30 s (Fig. A.2)
is not the right choice, because much of the parasitic signal (the background dark
chamber conditions were the same) is hidden in the noise. But it is important
that the level of the noise was in this case (30 s) for some reason (e.g. cooling) a
little bit higher (see chapter 5) than in the long term measurements previously
presented (5min). Therefore this cannot serve as a proof although the common
sense prefers the longer exposure time.

On the other hand, if the exposure time is too long, many of the cosmics are
detected during one measurement and the forest of high sharp peaks appears.
Afterwards these are filtered (details in section 4.2), at the same time it can be
also dropped out a real photon signal, which could have been conversed from an
axion. This way we would loose the useful information. But it seems that 5min
long exposition (Fig. A.4) is still acceptable.

Much more important than the noise, while getting to longer expositions, is
the rate of cosmics. In fact, the best solution is to find as long exposure time as
possible until this rate is too disturbing. It is more or less a sense issue.
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3.5 Bending of the laser beam

Besides the main experiment we had an interesting result in another test. A very
fine effect of the magnetic field on the direction of the laser beam was observed.
The beam profile (50 frames) was measured during the time when the magnetic
field was switched off. Then it was turned on and the measurements were done
again. After the way through two strong LHC magnets (details in section 4.3) the
position spectrum moved a little perpendicularly to the direction of the magnetic
field, as shown in Fig. A.5. All the spectra were divided by their height and then
summed together (with and without the field separately). Then the subtraction
of these two final curves was made and put together with them into the plot.

From every single frame an expected position of the maximum was calculated
(first moment method) and put into the plot to make a check. You can see the
result in Fig. A.6. The curves are more or less one above each other, which means
that we definitely have some discovery. Originally for all the spectra Gaussian fits
were made (least squares method) and from the calculated parameters 5-sigma
criterion was examined. The shift was in average 0.61 pixel with standard error
0.063. Their ratio is then nearly 10.

There still remains the question, what is the reason for this observation. If
a photon had had a charge, most probably there should have been another one
with an opposite charge too. But the spectrum moved, not widened (checked with
the second central moment calculation). Although very high vacuum (typically
10−7mbar) was present in the tube where magnetic field was applied, still some
molecules remain there. That is why we believe the residual gases have something
to do with it.

All usable measurements made up to now were done in February 2010. From
the time we have a new laser (details in section 4.1), we are not able to continue
in probing our assumptions, because the stability of the beam is not sufficient
anymore. In the future, we would like to do some further measurements to prove
or disconfirm our hypotheses. Also the time dependence (or relaxation time) of
the effect should be checked.
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In the end, limits of the sensitivity of the photon charge measurement (if there
was any) could be established. We can imagine, that photon possesses a charge
q. In that case, we could calculate a horizontal shift of the laser beam after it
passes through the both LHC dipoles. Every charged particle of mass m moving
in the magnetic field B with a velocity v is affected by the Lorentz force. The
radius r of this (in our simple case) circular motion can be easily obtained from
the equality with the centripetal force, hence using (2.6) in case of the photon we
have

r =
mv

qB
=

h̄ω

qcB
=

2πh̄

qλB
. (3.3)

The deviation of this curved trajectory from the straight line after passing through
the first magnetic field region acting along the length L would be

∆x1 = r −
√
r2 − L2 ≡ r − s . (3.4)

Then there is a gap of the length D between the dipoles, where the particle would
move along the straight line. Supposing there was not any magnetic field in the
second dipole, the overall deviation obtained in this middle region would be

∆x2 = (D + L) tan(α) , (3.5)

where sin(α)=L/r. Turning on the field, the last contribution (a little simplified,
because the precise term is too ugly and in the end the difference has no serious
effect) is

∆x3 =
1

cos(α)





r −

√

√

√

√r2 −
(

L

cos(α)

)2




 . (3.6)

The total deviation observed by the camera would be then

∆x =
3
∑

i=1

∆xi = r − s+
L(D + L)

s
+

r2

s



1−
√
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(

L

s

)2


 '

' r − s+
L(D + L)

s
+

r2

2s

(

L

s

)2

. (3.7)

For D=10m and considering that the available spatial resolution of the current
CCD chip depends on the pixel size (which is about 25µm) we obtain, that we
are able to detect a deviation of the laser beam caused by the photon of a charge
down to 10−35C, what is approximately 6×10−17e and incomparable with present
bounds of about 10−32e [21].

This way it was proved, that observed phenomenon, which was discussed
earlier, should not be explained by anything connected with a photon charge.
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Chapter 4

Parameters of devices used (Summer
2010)

4.1 Laser

During the run in February 2010, the 20W argon ion laser from Spectra Physics
was used. We were able to have stable beam at 17W. Unfortunately the laser
stopped to function and it was necessary to look for a new one. This is what we
got:

Manufacturer: Coherent

Type: INNOVA 400 Series Ion Laser

MODEL NO.: I-400

SERIAL NO.: 93200921

MFG. DATE: 9305

Again, it is the argon ion laser. But as it turned out, this new laser had a lot of
disadvantages or imperfections.

Power and shapes of the beam

One really big disadvantage of this new laser is its power. After our best has
been done (including cleaning of the cavity mirrors), we were still not able to get
higher than to 6.8W in multi-line mode (see [22]). But according to the basic
characteristics, we should have been able to get up to 15W. There is then the
question, whether the laser was really running in the multi-line visible mode,
or if it was set mechanically to the single-line mode at 514.5 nm (argon main
wavelength). Then the maximum power would be only 7W. Otherwise also an
insufficient cooling should be taken into account.

As you can see from (3.2), the power of the laser is one of the leading param-
eters which can be improved to get the best result in the end. But the profile of
the beam is maybe even more important. Ideally we expect Gaussian type shape,
high and thin to affect only a few pixels. Then we would easily and more probably
find in the final noise a prime beam profile, which we look for. That is why it was
very surprising, when the measurements of the beam shapes at various powers
were done (Fig. A.7). On the plot you can see average profiles of 10min exposure
time measurements (except for 5W - 15 s and 6W - 1min) recounted to 1 s accu-
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mulation through filters of optical density of 10. Up to 0.5W the beam behaves
as supposed. The height of the peak (or we can call it as a photon density) is
proportional to the power of the laser. But as the power rises further, the shape
is getting rather wider than higher (due to the thermal lensing effect). And also
the center of the peak moves to the right. Thus much more pixels are affected
and the density of photons is not rising any more. We loose in this unexpected
way the contrast between the noise and the hypothetical axion signal.

A proposal for an amendment

Due to the previous description it is strongly recommended to start to look for a
new laser. What characteristics should the new laser have? For the axion search
we need at the first place a very high power (as many photons produced in a
second as possible). But simultaneously it is still very important to have this
power on the smallest possible area. Ideally the shape of the beam should look
like the 0.5W profile in Fig. A.7 or better.

For a practical purpose the wavelength belonging to the visible light is still a
good solution. This is convenient for safety and alignment issues and also the CCD
detector is sensitive to similar frequencies. Because of other elements involved,
which are in some cases calibrated to 514.5 nm, the easiest way is to get an
argon laser again. The higher percentage of the power is transfered into a single
wavelength, the better.

For ”laser beam bending” experiments, the geometrical stability is more im-
portant than the power. Therefore we have two possibilities. Either the new laser
should also fulfill this condition, or we would get another, less powerful but very
precise. In the first case, one could suggest to get the laser without any mechan-
ically active optical element (e.g. PowerTracker).

The last thing is to decide, whether we are able to or want to buy a laser,
or if it should be just borrowed from another institution or manufacturer itself
as an advertising step. When we happen to find one, which could satisfy our
requirements, the very next thing should be to run appropriate tests to be sure
about its functionality before bringing it to SM18. It could be also interesting to
share our problems and requirements with some producers, if they would not be
able to develop a lasing device for us as a challenge.

The use of an amplifying or resonant cavity should be also discussed [18]. This
cavity has to fulfill some basic, but very important parameters. It is very probable,
that the diameter of the amplified beam will grow up and that the directions of
the constituent rays will not be strictly parallel. Then this divergence should be
small enough that the axions, which can arise from the conversion of the photons
of this beam, would still go right in the pipe of the second magnet and to the
detector. To increase the resolution, the appropriate focusing lens should be added
before the CCD detector.
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4.2 CCD detector

In our experiments we use the following CCD camera:

Manufacturer: Princeton Instruments
Type: VISAR
MODEL: LN/CCD-1100PB UV
SERIAL NO.: 3019409

It is liquid nitrogen cooled detector based on 2-dimensional CCD chip of resolution
330×1100 pixels from Princeton Instruments. The complete documentation can
be found in manuals [23].

Figure 4.1: Liquid nitrogen cooled CCD, side view [23].
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Calibration results

After all measurements had been completed, calibration tests were done. It was
always necessary to know, how sensitive we were in the measurement. Besides
the noise issues, the overall efficiency of the CCD should be checked. Ideally,
one photon detected (i.e. one electron knocked free in the pixel) should mean
one count in the spectrum. Let this ratio (detected to counted) call β, which
in this simple case equals to 1. We must also consider the quantum efficiency
ηq. For example, when (typically) ηq=50%, two photons coming to the detector
would mean in average one photon detected and thus one count in the spectrum
(consider that β still remains equal to 1).

The overall efficiency η of the experiment can be easily and approximately
established. We let the laser beam of predetermined power P go through neutral
density filters of known optical density Ω into the detector. By counting the area
under the measured spectrum we get the number of photons detected (we expect
β=1) d × τ (where d stands obviously for the detection rate) during a known
time interval τ (which is chosen long enough to suppress the background noise
etc., but in the same time the CCD should not be oversaturated). And because
from the power of the laser P we can simply calculate the presumed number of
photons emitting to the camera direction within one second m (the first fraction
in (3.2), in our case λ=514.5 nm, hence m=2.59x1018−ΩP ), the overall efficiency
η is then the ratio between detected d and emitted m photon rates:

η =
d

m
=

hc

Pλ
d. (4.1)

We expected that minimally the overall efficiency η is about 25% (including
quantum efficiency of the camera ηq, reflection losses counted in transfer factor ρ
etc.) considering that the detector service software displays rationally with β=1.
But the results were quite surprising. From Tab. 4.1, one can easily calculate
(errors included), that in average

η−1 = (185± 25) =⇒ η = (0.54± 0.04)%.

And that is alarming. Supposing that the ηq and ρ parameters are chosen rightly
(we can set the lower bound as ρ=50%, that would mean we loose up to one half
of the prime beam due to reflections etc.), we can take into account following
formula:

β =
ηqρ

η
. (4.2)

This way we get to the result

β = (46± 6), (4.3)

which can be interpreted as follows: 1 count in the spectrum means in average
40-50 photons detected by the CCD. The question is why.
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In general, that should mean our assumptions were wrong in some way. It is
difficult to specify more precisely the ρ factor without a power-meter, but from
a direct observation it is obvious, that we can’t loose more than we expected.
The overall efficiency about 1% of the camera would be very bad and really
improbable. We would be rather blind than sensitive. On the top of it, ηq is one
of the basic parameters of the CCD and if it was not consistent with the specified
value, it would be a sign of a damage.

P[W] τ [s] Ω 1/η

0.01 5*30 10 244
0.02 20*30 10 265
0.05 30*20 10 166
0.10 120*5 10 143
0.20 10*60 12 200
0.50 10*60 12 161
0.50 20*30 12 150
0.50 40*15 12 142
1.00 40*15 12 193
2.00 40*15 12 150
5.00 1*15 12 220

Table 4.1: Overall efficiency of the current experimental setup

But another hidden matter of fact was pointed out by Dr. Pierre Pugnat,
the member of OSQAR experiment, and the mystery or any other doubts were
solved. The optical density Ω is much more wavelength dependent than was at
first expected (due to an inattention) [24]. In fact, filters of nominal optical density
Ωn=5@633 nm behave like Ω'5.4@514 nm. Using two filters we get in total not
Ωn=10, but Ω'10.8, hence the final value of β in (4.3) should be multiplied
additionally with the factor of 0.16 ('10−0.8), thus we get to

β = (7± 1)

and assuming also the high diffusivity of the absorbers and their distance from
the detector (slightly more than L), we could get finally somewhere around β'5.

This is much more realistic situation and an experimental verification of the
parameter of the CCD called gain [23]. In fact, it is quite difficult to get one
visible count in the final spectrum. Imagine photons falling on the CCD. Due to
the quantum efficiency ηq, not all of them are registered, i.e. free electrons are not
created. But now gain parameter becomes important, because it determines how
many electrons are needed to produce one count. Typically, gain can be thought
to be 5 electrons/count. And from the definition, it can be identified with our β
parameter introduced at the beginning.
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Other suggestions

Even though the camera would be fully functional and all our problems would be
caused only by a human factor (e.g. improper handling, unknown parameters),
it seems good to think about a possibility to get a more modern detector. It is
true, that we got to know our device very well, still it has many disadvantages.
The controller

Manufacturer: Princeton Instruments
MODEL NO.: ST-130
SERIAL NO.: A0891256

is connected through a couple of cables to the computer, which has to be running
in DOS mode because of the used ISA card and software:

Princeton Instruments
CSMA - CCD Spectrometric Multichannel

Analysis Software
(c) copyright 1989, 90, 91, 92, 93
VERSION: 2.3c, October 7 1993.

During last measurements, many problems with the detector occurred. It was
the end of the run and the measurements with another polarization of the beam
should have been done. But it was not possible at all. For some reason the camera
started to behave in unusual way. Either there was a terrible noise in the spectra,
or no cosmics appeared. Though everything conceivable had been done, it was
not possible to talk the camera over to work again in a short time. In my opinion
there was at least a problem with the cable connection between the detector and
its controller. The connectors require to be put into specific position where all
the pins are joined properly.

There can be also other problems which are not uncovered yet. But all that can
be said is that the detector is not fully reliable and not at all when measurements
in limited time need to be done.

In the end it is important to say, that there are also other types of detectors
(for example photomultiplier) upon which the discussion can be led about. There
are always some pros and cons concerning photon and cosmic ray sensitivity,
resolution etc. But the CCD (or maybe ICCD, which states for Intensified CCD)
detector is still found as a good solution.
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Cosmic rays

Another thing concerning the CCD is to be able to treat with the cosmic rays (or
shorter term cosmics is often used). Cosmic rays are energetic particles having
their origin in the universe. They are everywhere, coming from different directions.
In the case they go through our CCD chip, they make these unavoidable marks
in the final spectrum, which can be easily recognized.

At the moment we use, one could say, post-measurement filtering. There are
two possibilities of how to get rid of those high and thin peak in the spectrum.
The first one is to use the procedure implemented directly in the CSMA software.
The second one, which was used in this case, is to make one’s own script. There
is a substantial advantage, that it is known exactly what the procedure is. There
are simply no hidden properties and also some additional treatment can be done
(e.g. statistical evaluation). The method and the level can be set, which of the
peaks are cut and replaced with the average value of the background. The most
simple and effective ways are cutting the peaks which exceed over some specified
level (for flat spectra) or a derivative-based method. An example of the filtered
spectrum is shown in Fig. A.1.

But we can also avoid the cosmic rays to influence the measurement with
the help of some external shielding. It is the question, if it is possible to make
some simple and effective steps to make the spectra look less like a forest. This
filtration would allow us to extend the exposure time which would increase the
sensitivity (or signal to noise ratio) of the measurement. But from another point
of view, we are now able to run at 5min expositions (what is quite enough) with
acceptable level of cosmics.

After analyzing nearly 56 hours of measurements, quite a good statistics has
been reached. In average, (10.5± 0.6) pixels are every minute affected by cosmic
rays and need to be filtered (useful informations contained in this pixels have
to be thrown away too). But that could be every of all 1100 pixels. We are
in fact interested in a very small area of the whole chip, about 50-100 pixels in
horizontal direction (depending on the beam width, see Fig. A.7), where the prime
beam strikes on. To simplify all that thing and since the cosmics are distributed
uniformly, if we consider, that we are concerned say in the eleventh of the whole
chip (100 pixels), then, in average, only about 1 pixel important for us per minute
is altered. Actually, the number is a little bit higher, because the cosmic ray affects
also pixels nearby, but not so strongly to produce a removable peak.
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4.3 Magnets

Blue LHC dipole magnets (standard cross-section in Fig. 4.2), which are available
for us in SM18, are two of a small amount of devices we can be really proud of.
The official names of the magnets we use are:

First magnet: HCLBB 001-IN002431
Second magnet: HCLBA 001-CR002868

Here are some basic parameters [25]. Cooled down to 1.9K the magnetic field
of 8.3274T is due to the current of 11.85 kA circulating in superconducting wires
induced (Fig. 4.3). The ultimate current should be 12.84 kA. During OSQAR
experiments we pumped 12.85 kA into the dipoles, which means (supposing linear
relationship) B0=9.03T. This strong and very homogeneous magnetic field should
act at L=14.3m.

Figure 4.2: Standard cross-section of LHC dipole magnet.
source: <http://atlas.ch/atlas_photos/selected-photos/lhc/9906025_01_dipmag_diagram.jpg>
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Figure 4.3: Magnetic field of LHC dipole. Configuration of superconducting cables
around the pipes generating homogenous magnetic field is visible.
source: <https://lhc2008.web.cern.ch/lhc2008/inauguration/images/expo/lhc-pho-1998-325.jpg>
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Chapter 5

Simulation

To have a more precise idea of how sensitive we are in our experiment, the sim-
ulation is a suitable way to resolve the problem. Especially, how many axions
in average are needed to be detected in a minute to be sure, that something
recognizable would be seen growing up from the noise.

Some background measurements (i.e. those, which were acquired when laser
and magnetic field were turned off) were taken and divided into two equivalent
parts. We got then two files containing measurements of the same total integration
time (4hours) for every exposure time (30, 120 and 300 s). Then always one of this
pair went through the simulation process. The beam width (∆X=X2-X1=600-
500=100) as well as the rate of how many photons (converted from axions and
detected) arrive in a minute to the camera were chosen. For every count, this
formula in C++ was used to find the pixel number where this one count will be
added (since the line is short, the code was divided into more lines):

int R1=rand()%(X2-X1);
int R2=rand()%(X2-X1);
int randpix=X1+(R1+R2)/2+0.5;

It is in fact the sum of two equaly distributed random variables in the predeter-
mined interval, which is a good approximation of the laser beam shape.

The final spectra were filtered from the cosmics (thus the real situation was
considered) and summed together. You can see the result in Fig. A.8, A.10, A.12
and A.14. With the rate of generated axions (converted to photons and detected)
rises also the beam shape from the noise. The subtraction of the other measure-
ments (the second of each pair) from these altered with randomly added counts
(signal minus background simulation) was also made. The results are in Fig. A.9,
A.11, A.13 and A.15.

An approximate formula can be derived for the rate of counts needed for us
to be able to see them in the spectrum (recognizable rate):

ν =
σ(ε)

ε
√
2φ

∆X, (5.1)

where σ is a standard deviation of the noise in a single frame of exposure time ε,
φ is the number of the frames used in the accumulation and ∆X is the length of
the simulation interval.

To derive formula (5.1), consider following idea. In this simulation, the total
number of photons detected by the camera is νφε. These counts are distributed
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in the interval ∆X . The final shape is more or less a triangle. From that we know
the height of the beam shape above the mean value of the noise. We need the top
of this peak to be higher than the amplitude of the final noise An, thus

2
νφε

∆X
> An

√

φ = σ
√

2φ ,

where the square root of φ on the right side of the condition has the origin in the
fit of Tab. 5.1 (a sample of calculated values, it is the typical noise cumulation
property). The value (introduced in the table) x=0.5 fits best the small values of
φ. For a high number of frames accumulated the values in Tab. 5.1 differ from the
fit a little (maybe some filtering issues). The behaviour of the noise in frames of
exposure time 30 s seems to fit best the curve of presumed exponent 0.5 (i.e.

√
φ )

on the nearly whole interval (see Fig. A.16). The noise is in this case very high
(σ=14.74), but the rate of cosmics is low.

ε=300 s ε=120 s ε=30 s

φ σφx φ σφx φ σφx

1 7.618 1 5.012 1 14.74
2 10.94 2 7.216 2 20.90
3 13.52 3 8.894 3 25.38
4 15.75 4 10.32 4 29.42
5 17.72 5 11.58 5 32.70
6 19.53 6 12.74 6 36.08
7 21.20 7 13.79 7 38.82
8 22.79 8 14.78 8 41.39
9 24.30 9 15.72 9 44.00
10 25.75 10 16.61 10 46.24
20 37.61 20 24.06 100 146.1
30 47.24 30 30.15 200 204.2
40 56.08 50 40.65 300 248.7
50 64.92 100 64.17 400 287.9
60 73.28 150 84.70 500 320.9
70 81.22 200 103.6 600 351.8
80 88.31 250 121.0 700 376.8
90 93.89 300 137.0 800 404.5
100 98.08 360 157.6 900 441.6

Table 5.1: Summation of the noise: φ exponent fit
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Now we can go back and compare these results with the simulation plots
(Fig. A.8-A.15). As it is written in the keys of the plots, two examples were
introduced, both of the same total exposure time 4 hours. In the first one we have
48 frames per 300 s of exposure time, in the second then 120 frames per 120 s.
According to the equation (5.1), we can calculate

ν1 = 15.6min−1 ν2 = 16.2min−1 .

From the plots it is obvious, that it means the lower bound for the recognition of
the signals generated by these rates. To be sure enough, double rates should be
used.
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Chapter 6

Estimation of the experiment sensitivity

Typical ranges of values of coupling constant g and massmp are shown in Fig. 6.1.
To find the limits of our experiment, we start with the coupling constant.

When we look back to (3.1) and (3.2), we can evaluate these terms (in SI
units after the dimension analysis is made) substituting the fixed parameters
introduced in the previous section.

Π '
(

B0L

2

)2 h̄c

µ0

g2 ' 4169 g2
h̄c

µ0

T2 ·m2 ' 1.05× 10−16g2 J2

n '
(

B0L

2

)4 h̄c

2πµ0
2
ηλPg4 ' 5.54× 10−8ηλPg4 J3 ·m−1 (6.1)

Note that using Lorentz-Heaviside units, we would have

Tesla ∼ Mass

Charge · Time
=⇒ 1T = 1T× h̄c2

√

h̄cε0 ≈ 195.35 eV2

1m =
1m

h̄c
≈ 5.0677× 106 eV−1

1T ·m = 1T ·m× c
√

h̄cε0 =⇒ 1T2 ·m2 = 1T2 ·m2 × h̄c

µ0
≈ 9.8009× 1017 eV2

(6.2)
what is in perfect consistence with calculations (6.1) above. It is necessary to say,
that to get the numerical values, fundamental constants used in the way of terms
(6.2) have to be substituted in SI units and then converted to eVs.

If we put η=25% and λ=514.5 nm into (6.1), we get simply

n ' 7.12× 10−15Pg4 J3 (6.3)

Therefore, when we consider the limits rising from the equation (5.1), we
should be able to detect axions with g>2×10−7GeV−1'1248 J−1 quite easily (for
P=20W, we have n'40min−1 using (6.3)). But already for g'1×10−7GeV−1,
we would get n'2.6min−1. In this case, to reach the desired confidence level, the
total exposure time of about 10 days would be needed.

It is then quite difficult to enlarge the region because of the forth power of the
coupling constant in (6.1). To get one order further, we would have to increase
the power of the laser unimaginably. But a little bit beyond could get us an
effective extension of the length of the magnetic field with the use of a cavity.
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What if we let the light go through the first magnet k times, then the number
of expected photons per second detected by the camera n in (6.1) would be after
all b(k + 1)/2c4 times higher (only one direction is important). But in fact, the
cavity would effectively increase only the power of the laser (in terms of (6.1)). If
we consider the reflectivity of the cavity mirrors [18, 26] to be R=1-δ=0.99998,
the increased power in one direction would be P=P0/δ=5×104 P0. This would
imply the shift of the measurement limits to g>1×10−8GeV−1.

But in [18] it is claimed, that also installation of another appropriate cavity
to the second magnet (regeneration side) could be useful and that the overall
increase factor in the signal power using present technology could be as large as
2/δδ′=1012. In case the mirrors would not burn and would stand this high power,
the limits can be finally set to be g>1×10−10GeV−1 (using current detection
method).

Figure 6.1: Exclusion plots [5]. Using our notation, coupling constant g in the
parameter space versus pseudoscalar mass mp (in the plot denoted as maxion) is
shown, where limits of different experimental techniques are denoted. The region
predicted by theoretical models is marked as ”Axion Models”. The vertical line
”HDM” indicates the hot dark matter limit for hadronic axions.
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We can now estimate the limit of our experiment for a detection of pseu-
doscalars of a specific mass. The energy of a photon corresponding to the wave-
length λ=514.5 nm is ω'2.4 eV. To derive the simple formula (2.19), the condition
that the term m2

pL/4ω is small (compared to unity) was assumed. Continuing in
the previous calculation methods, we have L=7.25×107 eV−1, thus it is easy to
obtain the limit mp�2×10−4 eV.

When the refractive index is taken into account, considering its reasonably
achievable values by changing the pressure of the air (for normal conditions and

Ar+ laser main wavelength λ=514.5 nm we have n
(air)
r,N =1.00027024, [27, eq. (6a)]),

the requirement mp�ω has to be fulfilled (as was shown in the equation (2.22)).
Hence, if we are able to set the refractive index precisely enough (in case of
investigating pseudoscalars of the fixed specific mass mp) to suppress the effects
of the length L, i.e. qL'0 (see (2.20)), the limit previously established can be
moved up to mp�5×10−2 eV.

To sum it up, when previously suggested improvements would be made, the
limits could be moved according to Fig. 6.1 very close to the theoretically pre-
dicted axion region. In the end, in Fig. 6.2 there are preliminary results from the
run in summer 2010 compared with the present limits of ALPS collaboration [13].

Figure 6.2: Preliminary results [2]. Exclusion limits of pseudoscalar and scalar
particle search (which are very similar). Run I refers to the year 2007 [1], Run II
states for the results from summer 2010.
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Chapter 7

Calibration measurements

To find the optimal measuring modes related to the detection part of the setup,
various tests including CCD detector were made. All in this chapter introduced
results were obtained from measurements which took place in the low temperature
laboratory at the Department of Low Temperature Physics at our faculty in
Prague. The CCD detector has been borrowed from Division of Biomolecular
Physics:

Manufacturer: Princeton Instruments
MODEL: LN/CCD-1024E/1
SERIAL NO.: J019321

with the controller

Manufacturer: Princeton Instruments
MODEL NO.: ST-130
SERIAL NO.: J0193512

It is again a liquid nitrogen cooled detector very similar to that one used at CERN,
but in this case based on another two-dimensional CCD chip, EEV 256×1024.
The documentation can be found in the same manuals [23].

The main tasks were aimed to find the appropriate exposure times and binning
modes with respect to noise and cosmic rays level to gain as much signal as
possible. It is also necessary to say, that in this chapter, all discussed spectra
were primary acquired as the two-dimensional field, in contrast to all previous (in
this work so called) frames, which originated from hardware binning, where all
pixels in a one column (imagine the CCD chip as an array of X×Y pixels) were
joined together to form one huge superpixel.

7.1 Cosmic rays

On the first place, the statistic in cosmic ray impact rate was made. The CCD chip
side of the detector was tightly covered to prevent photons from the surroundings
to involve in the measurement. Then the only signal detected were the cosmic rays
and, in comparison to them insignificant, noise. The position spectra of various
exposure times were acquired in sequence to see the evolution of the number of
pixels affected by the cosmics to find the average impact rate. Full frame shots
of exposure times 30, 120, 300, 600, 900 and 1800 s are shown in Fig. A.17. The
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black points denote the accurate positions, where the cosmic rays went through
the chip.

In this case, it is quite easy to find these positions. Because there is no back-
ground signal from other photons, the basic curve is a straight line a little dis-
turbed mainly because of the readout noise. When the cosmic ray comes, the
significantly high peak in the spectrum appears. It is then only necessary to find
abnormally high values of counts (above the nearly flat field) and save the po-
sition. We can then calculate the total number of these black pixels Npix. When
more measurements are performed (in this case always more than 10 at all expo-
sure times except for 900 and 1800 s), we can also evaluate the standard deviation
σ(Npix). Particular values are shown in Tab. 7.1. With the use of linear fit of the
general form y=kx (Fig. A.18), which is a good approximation when the chip is
not already filled with cosmics, we get k=(0.34±0.02) s−1. In this way we have
found the average number of affected pixels rate to be

Npix = (20± 1)min−1.

It is necessary to say, that the result above is really important to understand in
the meaning of something like the average expectation value.

ε[s] Npix σ(Npix)

1 5 4
30 13 13
120 48 20
300 94 29
600 199 36
900 264 46
1800 680 75

Table 7.1: Number of affected pixels by the cosmic rays in average

The number of cosmic rays detected is a random variable with Poisson dis-
tribution. But the number of pixels affected by a single cosmic can change from
case to case and is also random (typically 2-3). Analyzing the values in Tab. 7.1,
we can find, that the standard deviation of the total number of pixels hit satisfies
the relation

σ(Npix) ' 3
√

Npix .

Thus we can expect, that during a random measurement of an exposure time ε,
the number of pixels on the whole area of the CCD chip, which will be affected
by the cosmic rays, would be

Npix = kε± 3
√
kε .

It must be also said, that cosmic ray activity differs e.g. during the time or with the
elevation above sea-level, but the previous results hold (at least approximately)
true.
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7.2 Noise

After we get rid of the cosmic rays, we are able to analyze the noise issues. It
will be discussed, (i) which exposure times and binning modes to use, (ii) if it
is better to sum together more spectra containing less signal, or to expose for a
long time, (iii) if it is better to use a hardware binning and (iv) how many pixels
should then form the superpixel.

At first we start with the readout noise. Suppose that the CCD chip side
of the detector was properly covered again so no photons coming from outside
can affect the measurement. If short exposure time is set, then a contribution
from the potential thermal noise is reduced too, thus really only the readout
noise can be recorded on the final spectrum. To estimate its value, one of the
possible methods is to subtract these two different ”bias” spectra and then to
calculate the standard deviation of this difference [28]. Because two spectra were
subtracted, the result should be finally divided by the square root of two. Ten
full-frame shots of exposure time 1 s were taken and underwent this procedure.
For the whole array, we get then the readout noise

σRN = (0.359± 0.006) count .

An example of a single row and the sum of the rows of one zero-exposure-time
(i.e. very short exposure time so the contributions from other noise sources are
negligible) or so called bias measurement are shown in Fig. A.19 and Fig. A.20
respectively.

When we put together the readout noise with its dependence on the hardware
binning and use the same procedure as before, we get values in Tab. 7.2. The
numbers in the first column named as (C-R) mean, how many Columns and Rows
were binned together or alternatively the dimensions of the superpixel formed
from C*R pixels. To make this more certain, e.g. for 1-2 binning mode, every pair
of neighbouring rows creates one wider row. The number in parentheses at the
sigma symbols means the exposition time (1 or 10 s);

(C-R) σ
(1)
RN [counts] σ

(10)
RN [counts]

1-1 0.359 ± 0.006 0.38 ± 0.04
1-2 0.338 ± 0.003 0.33 ± 0.01
1-4 0.433 ± 0.009 0.486 ± 0.003
2-1 0.496 ± 0.009 0.46 ± 0.03
4-1 0.44 ± 0.02 0.42 ± 0.02
2-2 0.431 ± 0.006 0.373 ± 0.004
4-4 0.385 ± 0.003 0.360 ± 0.002

Table 7.2: Readout noise and its dependence on the used hardware binning mode.

Pixels can be compared with a deep well, where charges are cumulated and
stored for the exposure time before they are read (not precisely but with an
uncertainty which shows itself as the readout noise). When pixels are binned
together to form the superpixel, one can imagine that just one greater well is
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created. Advantage of this feature can be recognized, when small signals need to
be detected.

To proceed further with the noise analysis, the covering of the CCD chip side
of the detector was partly removed to modify the flat zero-exposure-time spectra
with some signal. Whatever procedures are made with the spectra (summation
etc.), it is always important to have the possibility to extract the noise from
the final curve to calculate its standard deviation. Because the spectra differ
from each other due to fluctuations of various type, it is convenient to use the
properties of DFT (Discrete Fourier Transformation), defined as (forward and
inverse transform respectively)

Xk =
N−1
∑

n=0

xne
−2πi kn

N xn =
1

N

N−1
∑

k=0

Xke
2πi kn

N , (7.1)

where N is the number of spectrum points of values xi and Xi is then the trans-
formed sequence. From (7.1) we obtain

xn =
1

N

N−1
∑

k=0

(

N−1
∑

l=0

xle
−2πi kl

N

)

e2πi
kn
N =

1

N

N−1
∑

k,l=0

xle
2πk(l−n)

iN =

=
1

N

N−1
∑

k,l=0

xl cos

[

2πk(n− l)

N

]

= (7.2)

=
1

N

N−1
∑

k=0

[

cos

(

2πkn

N

)

N−1
∑

l=0

xl cos

(

2πkl

N

)

+ sin

(

2πkn

N

)

N−1
∑

l=0

xl sin

(

2πkl

N

)]

.

(7.3)
The formula (7.2) looks very simple, but actually it is quite time-consuming

to evaluate it numerically as it stays. Thus (7.3) was used to analyze the spectra,
because it is much faster (the trigonometric functions do depend only on two
indices). Of course to get shorter evaluating times, FFT (Fast Fourier Transform)
algorithms could be used (not essentially necessary here). And what is important,
using DFT it is possible to extract arbitrary parts of the spectra depending on
frequencies (while omitting the appropriate k values from the sum in (7.3)), e.g.
low frequencies can be suppressed to retrieve only the noise. To conceal some
unfavourable effects of the transformation occurring at the margins of the spectra,
the DFT was performed on a greater interval than given by the width of the chip
(in fact three time greater to cover both sides).

The results for various binning modes are shown in Tab. 7.3 and Tab 7.4.
Values in the (C-R) column mean again the number of Columns and Rows of
the CCD chip binned together by hardware. From every (super)pixel created in
this way, 66.7 counts were subtracted. This value was estimated from analyzing
the bias measurements (as can be seen in Fig. A.20). Every read pixel contains
this number of counts as defaults. Then all rows from a single measurement
were summed together to produce the final spectrum corresponding with the
chosen binning mode. The total detected signal S is then the area under this
spectrum and with the use of DFT we can extract the noise to calculate its
standard deviation σN . As a criterion for the efficiency of the binning method
concerning the signal gain, the overall signal to noise ratio (S/σN ) was calculated.
The subscripts H and L in the table headers are introduced to distinguish between
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values, when High and Low levels of incoming light were used (particular numbers
of photon rates are written in the table descriptions).

According to [23], the hardware binning is useful to improve the signal to
noise ratio when low photon rates are expected and in contrary, it should be not
very convenient for high signals detection. Examining Tab. 7.3 (high light level
signals), we find out that there is no special reason to use any of the tested binning
modes. On the other hand, for low signal (Tab. 7.4) there are some candidates,
especially modes 1-2 and 1-4 and eventually also 1-8 look very promising. In case
of 1-2 binning, the highest light level signal (1.35×106 counts) is detected. The
lowest noise sigma (8.91 counts) was measured using 1-4 mode.

(C-R) SH [10
6 counts] σN,H [counts] SH/σN,H [10

3]

1-1 188 237 791
1-2 165 213 772
1-4 117 162 722
2-1 151 255 593
2-2 103 189 545
4-1 126 287 438
4-4 95.2 241 395

Table 7.3: Signal to noise ratio (SH/σN,H) and its dependence on the used hard-
ware binning mode at high signal level (exposition time 60 s, total average signal
rate ≈12 counts/pixel/second).

Besides the numbers in the tables, we can compare the binning modes using
a plot. From Fig. A.21, it is obvious that using 1-2 mode the signal gain is
significantly higher than with no binning used. It is also important to say that
the last measurements dependent on the outside light (results in Tab. 7.3 and
Tab 7.4) may include some uncertainties arising from possible daylight intensity
scatter.

(C-R) SL[10
6 counts] σN,L[counts] SL/σN,L[10

3]

1-1 1.26 10.9 116
1-2 1.35 9.59 141
1-4 1.27 8.91 143
1-8 1.19 8.99 132
2-2 1.28 12.3 104
2-4 1.26 14.3 88
2-8 1.23 11.4 108
4-4 1.21 17.3 70

Table 7.4: Signal to noise ratio (SL/σN,L) and its dependence on the used hardware
binning mode at low signal level (exposition time 300 s, total average signal rate
≈0.02 counts/pixel/second).
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To complete this section, there are also other two important sources of the
noise.

The thermal noise increases with time and depends on the temperature T of
the CCD chip. According to the controller manual [23], at T=-50 ◦C the average
dark charge value is approximately 0.5 counts/pixel/second (≈3-6 electrons) and
it is reduced by a factor of ∼2 for every 7 ◦C. The spectra are measured at very
low temperatures (typically -120 ◦C) thus the thermal noise is negligible even at
30min expositions. The sigma of the thermal noise σTN is equal to the square
root of the dark charge.

The photon shot noise depends on the amount of the light hitting the chip
[28]. Standard deviation σPN is then the square root of the total number of
photo-electrons knocked free in each pixel. In our case this can be significant,
dependent on the exposure time and photon regeneration rate and is of course
the main source of the noise in the preceding measurements.

7.3 Recommendation

Taking the previous results into the consideration, the optimal measuring proce-
dure can be established.

In our case, if we were not very lucky, we would need to detect very low light
level signals. It is easy to consider, that it is convenient to make as long expositions
as possible. If the gain of the controller was 5 electrons/count, exposing the CCD
for a time too short to product sufficient amount of electrons in a single pixel
would cause no desirable counts in the spectrum. But on the other side, we cannot
let the cosmic rays to cover all the chip area with the sharp peaks so the upper
limit for the exposure time is needed to be set. From Fig. A.17 we can see, that
for ε=30min the measurement is still possible, but the number of the black points
is not exactly small. But we have to also assume, that from the whole chip only
a square of size about 100×100 pixels is interesting (or maybe smaller), where
the focused laser beam would strike on. And what is also important is then the
binning mode, which we would like to use. The greater would be the superpixel,
the shorter should be the exposure time because of the cosmic rays (the black
points in Fig. A.17 would be greater).

To sum it up, it is recommended to set the hardware binning mode to 1-2,
exposure time to 900 s (15min) and make some acquisitions. After they are filtered
from cosmics, to improve the S/σ ratio the spectra are summed together and the
rows of the resulting spectrum are then summed too to produce the final position
spectrum, which can be searched for containing some interesting signal.
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Chapter 8

Epilogue

Although no axions were so far observed, OSQAR is a promising and viable
experiment. It is very probable, that much work is needed to be done before
some interesting results (positive or negative) will be obtained.

It is one of the experiments, where no one really knows what to expect. The
first mystery is if axions (or eventually other hypothetical particles, which were
mentioned) do really exist. In case they do, in which mass or coupling constant
region they should be searched? Although there are some theoretical models, the
whole available range shall be probed. Because what exist on the paper or in the
minds of theoreticians, does not unfortunately need to exist in reality. It is not
certain, if this experiment is allowed to make some important positive discovery,
if it is able to get far enough. It will be a long journey, on which I hope much
good work will be done and thus whatever results will be obtained, they would
be valuable. This is the research, everything is so uncertain.

As other theories, which played some role in the past, the existence of axion
like particles has certainly its sympathizers and doubters. The proof for this
elegant solution of many present problems has not been found yet, though many
experiments attempted to. But only well-prepared experiment can act as a reliable
judge. OSQAR experiment is basically very simple (at least the idea of photon
regeneration), what I like: laser light, magnet field and CCD detector. But it has
showed up that it won’t be actually so easy. Many improvements have to be done
and over many difficulties it is needed to get.

Axions as a solution are so graceful, that I believe in their existence. But
what is the truth? We cannot choose but continue in the experiment. Next run
of OSQAR experiment is planned in summer 2011, when experiences obtained in
previous runs will be used to get a little bit further again.
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Conclusion

In the preceding chapters, experiment OSQAR was introduced, informations
about its current status and latest results were presented and the feasible limits
found.

In 2010, the discovery potential of the OSQAR photon regeneration experi-
ment has been significantly improved by the simultaneous use of two LHC dipoles.
The sensitivity obtained for light pseudoscalar and scalar particles search reached
the foreseen target and is surpassed only by the new results recently published
by the ALPS experiment at DESY [2, 13].

To improve the limits of the experiment, two main targets are considered to
be aimed at. In the first place, it is the increase in the power of the laser, proper
focusing lens installation and integration of the resonant cavity into the system.
This is the main goal and great challenge for the future (during runs in 2011 and
2012). Secondly, it is the use of a new state-of-the-art CCD detector connected
with an increase of the gain and quantum efficiency and suppression of the noise.
To reduce the background signals, a proper shielding should be considered.

Concerning the detection modes, necessary experiences were obtained thanks
to the measurements with the CCD detector in Prague within the frame of this
work. The great advantage of the measurement in 2D mode was tested and proved,
noise sources and cosmic rays detection analyzed and optimal exposure time and
binning mode chosen. Some of these parameter are detector model and focusing
possibility dependent, so the calibration measurements could be repeated and
quickly processed while everything is already prepared and studied. The idea of
using another type of the detector than the CCD was mentioned and should be
discussed.

If there will be any possibility, more ample tests should be done regarding
the bending of the laser beam in the presence of the strong magnetic field and
eventual residual gases. This new investigation should bring some light into this
hopefully temporary mystery and decide, if there is really some new discovery.
It has been shown by the calculation, that the potential photon charge effect
would be much weaker than the observed one considering present astrophysical
boundaries. Thus other explanations should be proposed. For this measurement,
the stability of the laser beam is the primary task.
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Figure A.8: Simulation - no axions.
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Figure A.9: Simulation - no axions (BG subtracted).
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Figure A.10: Simulation - 12 axions per minute.
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Figure A.11: Simulation - 12 axions per minute (BG subtracted).
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Figure A.12: Simulation - 30 axions per minute.
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Figure A.13: Simulation - 30 axions per minute (BG subtracted).
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Figure A.14: Simulation - 60 axions per minute.
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Figure A.15: Simulation - 60 axions per minute (BG subtracted).
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Figure A.17: Cosmic ray activity. Full frame shots with exposure times gradually
increasing downwards (30s, 120s, 300s, 600s, 900s and 1800s)
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Figure A.19: Single row from a ”zero” exposure time full-frame shot.
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Figure A.20: Sum of the rows of the ”zero” exposure time full-frame shot.
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B Photos
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Figure B.22: Laser light at the the entrance of the first magnet of OSQAR.
source: <http://osqar.web.cern.ch/osqar/laser.jpg>

Figure B.23: Me at the detector side of OSQAR.
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