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Abstract

Axions are hypothetical particles, proposed to solve the strong CP problem. Fur-
thermore, axions are a potential candidate for dark matter. The International AXion
Observatory (IAXO), a fourth-generation helioscope, aims to detect axions produced
in the Sun by converting them into X-ray photons in a strong magnetic field. These
X-rays are then focused to a high detection efficiency, and low background detector,
like the TAXO Silicon Drift Detector (SDD). The goal of this thesis is the determina-
tion of the absolute X-ray detection efficiency of this SDD for the IAXO helioscope

experiment.

The experiment to measure the detection efficiency of the SDD was conducted at
the SOLEIL Synchrotron on the Metrology beamline. The detection efficiency was
measured in the energy range of 3 to 35keV which covers most of the region of
interest for TAXO. To this end, a custom SDD holder with integrated cooling has
been designed in this work. The measured detection efficiency was found to be close
to 100% for energies below 10 keV and decreasing for higher energies. The measured
efficiency curve closely follows the theoretical predictions. This confirms the excel-
lent performance of the TAXO SDD for detecting low-energy X-rays, particularly
in the range most relevant to solar axions. This work is the first validation of the
TAXO SDD'’s excellent detection efficiency, bringing it closer to incorporation in

IAXO and contributing significantly to the ongoing search for axions.



Zusammenfassung

Axionen sind hypothetische Teilchen, die eingefithrt wurden, um das starke CP-
Problem zu l6sen. Dariiber hinaus sind Axionen ein potenzieller Kandidat fiir
Dunkle Materie. Das International AXion Observatory (IAXO), ein Helioskop der
vierten Generation, zielt darauf ab, Axionen, die in der Sonne erzeugt werden,
nachzuweisen, indem sie in einem starken Magnetfeld in Photonen umgewandelt
werden. Diese Photonen liegen in dem Energiebereich von Rontgenstrahlen. Die
Strahlen werden dann auf einen Detektor mit hoher Detektionseffizienz und niedrigem
Hintergrund, wie den TAXO Silicon Drift Detector (SDD), fokussiert. Das Ziel
dieser Arbeit ist die Bestimmung der absoluten Detektionseffizienz des SDD fiir das
IAXO-Helioskop.

Das Experiment zur Messung der Detektionseffizienz des SDD wurde am SOLEIL-
Synchrotron an der Metrologie Strahllinie durchgefiihrt. Die Detektionseffizienz
wurde im Energiebereich von 3 bis 35 keV gemessen, was den Grofiteil des fiir TAXO
interessanten Bereichs abdeckt. Zu diesem Zweck wurde in dieser Arbeit ein eigener
SDD-Halter mit integrierter Kithlung entworfen. Die gemessene Detektionseffizienz
liegt bei Energien unter 10 keV knapp unter 100% und nimmt bei hoheren Energien
ab. Die gemessene Effizienzkurve ist dabei nahe an den theoretischen Vorhersagen.
Dies bestatigt die hervorragende Leistung des TAXO SDD bei der Detektion von
niederenergetischen Rontgenstrahlen, insbesondere im fiir solare Axionen relevanten
Bereich. Diese Arbeit stellt den ersten Beweis der exzellenten Detektionseffizienz des
TAXO SDD dar und bringt dessen Integration in IAXO einen guten Schritt néher,

wodurch ein bedeutender Beitrag zur laufenden Suche nach Axionen geleistet wird.
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1 AXIONS

1. Axions

The universe is filled with unanswered questions that challenge our understanding
of fundamental physics. Among them are the nature of dark matter, the possible
existence of sterile neutrinos, and the puzzling matter-antimatter asymmetry. Of
these, dark matter stands out as a long-sought-after mystery. The effects of the
presence of dark matter are observable even in the rotational curves of galaxies like
the Milky Way, where visible matter alone cannot explain the observed motion.
Despite barely interacting with ordinary matter, dark matter is estimated to make

up roughly 85% of the universe’s gravitating mass.

A promising solution to this mystery is the existence of axions. First proposed in
the context of quantum chromodynamics (QCD) to solve the strong CP problem,
axions are hypothetical particles that could also explain dark matter. These weakly
interacting particles, when found to exist, could account for the universe’s missing

mass and solve several other fundamental questions in astrophysics and cosmology.

For this reason, the search for axions is an essential part of modern experimental
physics. The future IAXO helioscope experiment is one of the main representatives
in this field. Therefore, the objective of this thesis is the determination of the
absolute detection efficiency of a possible TAXO detector.

The properties and motivation for the existence of axions are elaborated in Chap-
ter 1.1. The experimental efforts in the search for axions are discussed in detail in

Chapter 1.2. This includes the difference in the individual experimental approaches.
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1.1. Motivation

1.1.1. The Strong CP Problem

The combination of the symmetries of charge conjunction C, parity P, and time
reversal 7 must always be conserved. However, the combined symmetry of charge
conjugation and parity (CP) can be violated, which was first observed for the weak
interaction in 1964 for the decay of neutral kaons (K — 77) [1]. In quantum chro-
modynamics (QCD), the quantum field theory that describes the strong interaction
between quarks and gluons [2], the CP symmetry seems to be violated. This is due
to a term, specifically from the QCD Lagrangian, depending on the non-zero QCD

vacuum angle 6 [3], as seen in equation 1.
a ~
Ly=0—"G,G" 1
o =02 GlLGa (1)

Here, a; is the QCD-equivalent of the fine-structure constant, and G}, and CNJZ“’
are the colour field strength tensor and its dual, respectively [4]. From theoretical
considerations, the vacuum angle 6 can be between 0 and 27, and a non-zero value
implies a CP violation [5]. Considering equation 2, § > 0 also results directly in a

measurable electric dipole moment (EDM) for the neutron d,, [6].

d, = 3.6 x 107'%9 e cm (2)

Not only was this not measured so far, but the upper limit for the neutron EDM is
currently at [7]:
d,| < 1.8 x107% € cm (3)

With equation 2, this results in the upper limit for the QCD vacuum angle as
0 < 107'°. This tiny value as the upper limit means that the vacuum angle @ is
basically at zero and, therefore, violates the CP symmetry. There is no theory-
motivated reason for this value to be zero. This fine-tuning problem is known as the
Strong CP-Problem.

Several theories have been proposed as potential solutions to this problem. One
promising approach is the Peccei-Quinn mechanism, which will be elaborated on in

the following section.

1.1.2. Peccei-Quinn Mechanism

Different solutions to the strong CP problem have been proposed over the years.
While many theories, like one quark being massless, have now been excluded, a

promising theory is the Peccei Quin mechanism as a possible solution to the strong
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CP problem [8]. It was first formulated by R. D. Peccei and H. R. Quinn in 1977 [9,
10] and is based on a new global chiral U(1) symmetry. It is one of the theoretically
and experimentally most investigated solutions to the strong CP problem [11]. The

Peccei-Quinn symmetry denoted as U(1)pg is spontaneously broken at high energy

scales f4.
Here, the §-parameter is effectively turned into a dynamical variable § — 6 (¢, x) ¢(;f).
The QCD Lagrangian term Ly is therefore replaced by £, [12]:

£, = 22gnam (4)

Here, ¢ is the axion field, and f, is the decay constant. With this, 6 as a dynamical
variable allows it to naturally go to zero while minimising ¢. This would explain the
fine-tuning of # and the absence of CP symmetry breaking in the strong interactions,

solving the Strong CP-Problem.

A relevant part of the Peccei-Quinn mechanism is the implication of a new parti-
cle corresponding to the oscillations of ¢. Following the Goldstone theorem, the
new particle results from the spontaneously broken global symmetry U(1)pg and
is, therefore, a massless Goldstone boson [13]. Steven Weinberg and Frank Wilczek
both realised the possibility of the existence of this new particle independently in
1978 [14, 15], and Wilczek first named it the Axion.

The Axion acquires a mass through QCD mixing with 7°

and other mesons. The
mass is given by equation 5. The dependence on the QCD mixing implies that this
condition does not hold for energies above the QCD confinement scale, making ax-
ions effectively massless in high-energy environments such as the early universe [16].

()

1 12
my = 5.70 peV ( gy GeV)

fa

The axion mass directly depends on f4, which is not restricted by theory. This leads
to a wide range of possible axion masses. The potential for the axion field can be
defined as [17]:

Ve = (1o - ) )

with the complex scalar :
p = xe' (7)

This means that the axion ¢ is effectively a phase of ¢. Here, A is a dimensionless
coefficient. At very high energies, where the axion is massless, the corresponding
potential takes on a parabolic shape, with its minimum at zero. In a transitional

region below the Peccei-Quinn scale but above the QCD scale, the axion acquires a
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Figure 1: Illustration of the axion potential

The complex scalar field ¢, representing the axion, always takes on the minimum
value of its potential V(¢). At very high temperatures, like in the early universe,
the axion potential takes on a parabolic shape, as seen in the left panel. At this
stage, the potential minimum is at zero, making the axion massless. When the
temperature of the universe decreases below an energy of f4, the potential takes on
a mexican-hat shape. The radius of the bulk is corresponding to f4. This shifts the
vacuum expectation value of ¢ to < ¢ >= f4/+/2. The phase 6 takes on an arbitrary
value. This breaks the initial U(1) symmetry and creates a new boson, the axion.
This can be seen in the middle panel. When the temperature of the universe drops
below the QCD scale of Agep ~ 200 MeV, the potential starts tilting. This is due to
the strong interaction with the gluon field. At this point, ¢ moves toward the single
minimum value and starts oscillating around it. This realignment is referred to as
the vacuum realignment mechanism. Due to this oscillation, the vacuum expectation
value of the potential takes on a non-zero energy, giving the axion a mass. Adapted
from [§]

non-zero vacuum expectation value. At this energy, the axion is still massless, but
the potential takes on a ”Mexican-hat” shape. Below the QCD scale the potential
tilts, leading to a single fixed mass value for the Axion [17]. This transition is

illustrated in figure 1.

1.1.3. Primakoff Effect

To allow the production, detection, and integration of axions into the Standard
Model (SM) of particle physics, they must couple to photons or other forms of
ordinary matter. One of the most common coupling mechanisms is the Primakoff
effect. This effect was first introduced by Henry Primakoff in 1951 allowing the
coupling of the pseudo-scalar field of a 7%-mesons to a photon in the presence of the

electromagnetic field of a nucleus mediated through a virtual photon [18].

This can be applied to the axion, as first established by P. Sikivie in 1983 [19],
coupling it to a photon within a strong magnetic field. The process works in both
directions. This makes it an axion production mechanism, i.e. in the plasma at

the centre of a star [20], and a possible detection principle. Figure 2 depicts the
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Figure 2: Feynman diagram of the Primakoff effect

In this Feynman diagram the conversion of a photon ~ into an axion a (and vice
versa) is illustrated. The coupling is happening in the presence of an external
magnetic field B, mediated by a virtual photon v*.

Feynman diagram of this bi-directional process.

The interaction term of axion-to-photon coupling is given by equation 8.
L= —g.,¢E-B (8)

Here, g, is the axion-to-photon coupling strength, ¢ is the axion field, and (E - B)

is the electromagnetic field [21]. The coupling constant g,, can be defined as

al (F
gcw:%f_A (N_C)' (9)

The ratio % is a model-dependent constant. The factor C'is a constant that includes
the ratio of different quark masses. The coupling strength is inversely proportional
to the unfixed decay constant f4. The current limit on the axion-to-photon coupling

1S gay < 5.7 x 10711 GeV ™! for an axion mass m, < 0.02eV [22].

~Y

The model-dependent constant for the two main classes of axions is % = 0 for
Kim-Shifman-Vainshtein-Zakharov (KSVZ) axions and £ = 8/3 for Dine-Fischler-
Srednicki-Zhitnitskii (DFSZ) axions. Both theories are extensions of the Standard
Model. The main difference is the factor 3 weaker axion coupling for the DFSZ

axions. [23]

Although the axion’s strongest coupling is to photons, it can also couple to other
SM particles. The second most popular axion coupling is to Dirac fermions, more

specifically, electrons. For electrons, the coupling is given by equation 10. [24]

Ou

2m,

Eae = —Yae 1;’757u,¢ (10)

Here, 1 is the Dirac spinor, and g¢,. is a dimensionless coupling strength. Axions
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generated through electron couplings can originate from processes such as axio-
recombination, bremsstrahlung, or Compton scattering. Therefore, they are often
called ”ABC axions” [25]. The limit for axion-to-electron coupling is |gae| < 3x 107!
for m, < 0.01eV [26].

Additional axion interactions have been proposed, for instance, in supernovae, where
axions couple directly to nuclei [27]. However, such axions are not considered sig-

nificant for most axion experiments or cosmological models.

1.1.4. Axion-like particles

In multiple extensions of the Standard Model, like String Theories, particles sharing
several properties with the QCD axion are postulated [28]. The main difference
between these particles and the QCD axion is that they do not solve the strong
CP problem. They can also interact, however, with SM particles via the Primakoff
effect. This similarity leads to such particles being referred to as axion-like particles,
or ALPs. The axion and ALPs are considered a part of Weakly Interacting Slim
Particles (WISPs), a possible new family of particles [29].

The coupling of ALPs, as well as axions, depends on the decay constant f,. ALPs,
however, do not necessarily get their mass from QCD effects like the QCD axion.
Instead, they receive mass from other dynamics, explicitly breaking their global
U(1) symmetry. This allows for a wide range of possible particles to exist [30]. The
similarity in interactions allows most experiments based on the Primakoff effect to
search for axions and ALPs. For this reason, the names "axion” and "ALP” are
commonly used interchangeably. This is why, in the following, the name ”axion” is
representative of both, while "QCD axion” is used when explicitly referring to the

CP problem-solving axion.

1.1.5. Axions as Dark Matter Candidates

The axion results from a solution to the strong CP problem. Today, the interest in
finding the axion goes way further since it is also a promising dark matter (DM)
candidate. The puzzle about the dark matter content in the universe is one of the
big mysteries of the present. It describes the discrepancy between the amount of
matter observed by cosmological measurements and the amount required to account

for various gravitational phenomena.

This mismatch can be observed, for example, by measuring a spiral galaxy’s rota-
tional curve with a radio telescope and comparing it to theoretical calculations based
on the visible matter in the galaxy [31]. The observed rotation speed in the outer
part of the galaxy is considerably faster than expected from the calculation. This

implies the presence of additional matter, which interacts only via the gravitational
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force, thus appearing ”dark”. Cosmological observations indicate that about 80%

of all gravitating matter in the universe exists in the form of dark matter [32].

There are several potential solutions to the dark matter problem, most of which
propose the existence of new particles. The most promising theories include sterile
neutrinos, WIMPs (Weakly Interacting Massive Particles), or axions, all of which
interact weakly with ordinary matter. Cosmological observations favour cold or
non-relativistic dark matter, making the axion a viable candidate, as it would be

non-thermally produced. The axion density relative to the critical density of the

0, ~ (6“ev> " (11)

An axion mass of m, =~ 20 ueV would correspond to €2, ~ 0.24 and could account

universe is given by

for the entire dark matter density of the universe [29]. Therefore, the axion, solving

two problems at once, is a rather desirable particle for experimental verification.
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Figure 3: Axion parameter space exclusions

The current exclusion limits on axion-photon coupling as a function of the axion
mass is shown. A yellow diagonal band indicates the regime for axions that could
solve the strong CP problem. The exclusion limits from haloscopes, light-shining-
through-a-wall experiments, the latest helioscope CAST, and astrophysical limits
are indicated, respectively. Adapted from [33].

1.2. Experimental Efforts

Different experimental approaches have been utilised in the search for the axion.
The working principle of most of them relies on the Primakoff effect, resulting in
the coupling between axions and photons [30]. This is described by the coupling
constant g.,, as explained in chapter 1.1.3. The difference in the approaches is

mainly where the axions are produced.

Despite numerous experimental efforts, the axion remains elusive. The different
experiments progressively test and reduce the parameter space of possible axion
detection. This parameter space commonly depicts the gq,-m,-plane, with g,, as
the axion-to-photon coupling strength and m, as the axion mass. Both variables
are directly related to the decay constant f4. The current limits can be seen in
figure 3. The region of axions that would solve the Strong CP-Problem can be seen

as a diagonal band in this figure.

The three main approaches are based on three corresponding axion origins. The
first approach is the search for axions from the dark matter halo around our galaxy.

These experiments try to detect the axion within a microwave cavity. The second
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approach is the concept of Light-Shining-through-a-Wall (LSW) experiments. As
the name suggests, these experiments try to detect the axion by shining a strong light
source onto a wall with a detector behind it and a strong magnetic field around the
structure. Therefore, trying to detect axions, which are created in the laboratory.
The third experimental approach for the axion search is the search for solar axions
inside an axion-helioscope. In these experiments, axions created in the sun are
converted to X-ray photons inside a strong magnetic field and then focused on a
high-efficiency, low-background detector. These three experimental approaches in

the search for the axion are explained in more detail in the following sections.

1.2.1. Haloscopes

In haloscopes, axions are converted to microwave photons in a strong magnetic field.
The frequency of these photons is correlated to the mass of the axion. The microwave
photons can be detected in dedicated resonant cavities immersed in a strong mag-
netic field [34]. Pierre Sikivie, the first person to apply the Primakoff effect to the

axion, used this detection principle already in 1983 in the Sikivie experiment [19].

The advantage of haloscope experiments is an unmatched sensitivity, down to

107 GeV~!. This is possible because every photon frequency correlating to a
specific axion mass is probed individually by tuning the cavity to resonate with
each frequency. In some haloscopes, the tuning is done by changing the geometry of
the cavity by moving so-called tuning rods. When the cavity is tuned to a specific

frequency, the tiny photon signal is amplified by ultra-low noise quantum amplifiers.

Despite having an excellent sensitivity, haloscopes have two main disadvantages.
The first disadvantage is that the resonant cavity is only tuned for one frequency at

a time. Therefore, each specific axion mass must be probed individually. This leads

Preamp
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Figure 4: Working principle of a haloscope

In haloscopes axions are converted to photons inside a microwave cavity (blue). The
strong magnetic field required for the conversion is created with magnets surrounding
the cavity (orange). The tiny signal from an axion, visible in the right panel, can
be detected through quantum amplification. Adapted from [8].
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to haloscopes appearing as narrow streaks in the axion parameter space exclusions.

Therefore, only small regions of the parameter space can be probed at a time.

The second disadvantage is that the resonance frequency of the cavity depends on its
size. Therefore, the experiment size is directly tied to the axion mass range that can
be probed. This is very limited since for large cavities, probing low axion masses,
it can be challenging to provide a sufficiently strong magnetic field. Also, for small
cavities probing higher axion masses, the detection volume quickly decreases. For

this reason, haloscope experiments focus on an axion mass below 1073 eV.

A sketch of the working principle of a haloscope is shown in figure 4. A promi-
nent representative for haloscope experiments, pushing axion exclusion limits, is the
Axion Dark Matter EXperiment (ADMX) [35].

1.2.2. Light-Shining-through-a-Wall Experiments

The second main approach used in axion search experiments is Light Shining through
a Wall (LSW) experiments. This type of experiment, first proposed in 1983, is based
on converting axions into photons, and vice versa, in the presence of a strong external
magnetic field [36].

In these experiments, a high-power laser (HPL) emits photons through a strong
magnetic field onto a barrier that blocks photons. In the region between the laser and
the wall, the photons can be converted to axions via the Primakoff effect. This allows
them to pass through the barrier. Behind the barrier is another region immersed in
a strong magnetic field, where the axions can recouple through the same effect back
to photons. A high-sensitivity detector can then detect these photons [37]. Figure 5
depicts this working principle.

Compared to haloscopes, the advantage of LSW experiments is that they use laboratory-

Optical barrier

LHC Magnet 1 LHC Magnet 2
B=9T B=9T
Laser é— - - 1-=- ‘g CCD
Source of scalar Photon
or pseudo-scalar regeneration
particles region

Figure 5: Working principle of Light-Shining-through-a-Wall (LSW) ex-
periments

The working principle of LSW experiments on the example of the OSQAR experi-
ment is depicted. Photons from a laser are converted to axions in the strong magnetic
field, allowing them to propagate through an optical barrier. Behind the barrier,
the axions are reconverted to photons in a second magnetic field and absorbed by a
detector in the back. Adapted from [38].

10
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created axions. Creating their own axions in the experiment makes it completely
independent from astrophysical models. This allows LSW experiments to inde-
pendently determine the axion-to-photon coupling strength without relying on an

external model of the axion flux. [39]

On the other hand, converting photons to axions and then back to photons requires
the Primakoff effect to occur twice. This significantly reduces the sensitivity of
LSW experiments. [29] The most prominent LSW experiments are the Any-Light-
Particle-Search (ALPS) [40] and the Optical Search for QED Vacuum Birefringence,
Axions, and Photon Regeneration (OSQAR) [41]. The successor to ALPS, ALPSII,

is currently under construction. [39]

1.2.3. Helioscopes

The third main type of axion experiment is the helioscope. Similar to LSW exper-
iments, helioscopes try to detect a directional flux of axions. The difference is the

axion source. Helioscopes are designed to detect axions originating from the sun.

The motivation for using solar axions is having excellent axion production conditions
in the solar centre. The two main factors for axion production via the Primakoff
effect are a high photon flux and a strong magnetic field. Both conditions are
satisfied in the plasma of the sun’s core. The expected energy spectrum resulting

from this production mechanism is shown as a black graph in figure 6.

An advantage of helioscopes is that they are not exclusively sensitive to g, couplings
but also other axion production mechanisms, like g,. coupling for producing ABC
axions. The expected ABC axion flux is shown as a grey graph in figure 6. The
axion can propagate freely from the sun’s plasma to the Earth since it interacts only

weakly.

Axion helioscope experiments can be divided into two parts. In the first part, the
axions enter the helioscope and convert to X-ray photons inside a strong magnetic
field created by superconducting magnets. Due to the heavy magnets and necessary
cooling system, this is the most massive part of the experiment. The second part is
the telescope that is mounted on the back end of the magnet bore. This telescope
is comprised of X-ray focusing optics and a high-sensitivity detector. The optics
focus the created X-ray photons from the magnet bores down to a small focal point.
The X-ray detector requires a high detection efficiency and a low background. Ad-
ditionally, the whole structure needs to be mounted on a movable platform. This
is necessary to track the sun’s position and keep the solar axion flux parallel to the

optics. A sketch of a helioscope’s structure is depicted in figure 7.

The CERN Axion Solar Telescope (CAST) [42] was the most recent axion helioscope
experiment. The limit of g,, = 8.8 x 1071'GeV ! [22] is the most stringent limit set

11
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Figure 6: Solar axion flux spectra

The axion flux for different axion production mechanisms is shown. The axion pro-
duction via the Primakoff effect with g, coupling is shown in black. The expected
ABC axion flux through g¢,. coupling is shown in grey. Data taken from [§].

by a current helioscope. The successor of CAST is aiming to push those limits and

is currently under development.
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Figure 7: Structure of an axion helioscope

Solar axions, produced in the sun’s core, enter the bore. This bore is equipped with
strong superconducting magnets, where the axions are converted to X-ray photons.
Specialised optics then focus the photons to a high-efficiency, low-background de-
tector. Adapted from [8]
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2. TAXO

The successful operation of the concluded CAST helioscope experiment [22] is the
motivation for building a further improved successor axion helioscope. The advan-
tages of a helioscope compared to other experimental approaches are described in
chapter 1.2. The International AXion Observatory (IAXO) will be this successor
[43]. TAXO is a next-generation axion helioscope currently under development. It
will push the CAST sensitivity levels of the axion parameter space by more than
one order of magnitude, probing new areas of the QCD band. This will be achieved
by applying cutting-edge technology and using custom-developed components for
the composition of IAXO. The proposed design for the future IAXO helioscope is

shown in figure 8.

The TAXO helioscope will include eight racetrack coil magnets that are 25 m long
and 1 m wide. These eight superconducting magnets are arranged in a circle with a
diameter of 5.2 m. The magnet system will generate a peak magnetic field of 5.4 T.
Between each pair of magnets is a bore where axions couple with the magnetic

field to produce X-ray photons. This configuration can be seen in figure 9. To

)
7 ,4’//

Figure 8: Conceptual IAXO design

The proposed structure includes a 25 m long magnet system (shown in beige) con-
taining eight racetrack coils, where solar axions are converted into X-ray photons.
At the end of each magnet, a system of X-ray focusing optics (depicted as dark
grey tubes) directs the X-rays onto a high-efficiency, low-background detector. To
further reduce the background, the detectors are enclosed in specialised shielding,
represented by light grey blocks in the figure. The whole structure is mounted on a
movable platform to allow the helioscope to track the sun. Adapted from [44].
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Keystone Box

Keystone Plate

Thermal
Shield

Vessel

Figure 9: Conceptual design of the IAXO magnet bore system

The rectangular racetrack coils are depicted in red with the bores for the axion-
to-photon conversion between them. The thermal shielding and structural support
components are shown in white. Adapted from [43].

operate the superconducting magnets, a cold mass of 130 tons needs to be cooled
to a temperature of approximately 4.5 K. This is achieved by a cryogenic system
enveloping the magnets. The cooling is based on sub-cooled liquid helium circulating

at super-critical pressure.

The X-rays created by axions inside the bores are focused by X-ray optics at the
end of each bore onto a detector system. Eight custom-developed focusing optics,
one for each bore, are included in the TAXO design. The X-ray optics focus the
X-rays from the 60 cm diameter of the bores down to an area of ~ 0.2cm?. This
minimisation of the detection area leads to a better background performance. The

optics are part of the telescope for the helioscope.

One of the key components of TAXO is the high-efficiency, low-background detec-
tor at the focal point of the telescope. As a rare event search experiment, with
only a couple of events per year [8], a high detection efficiency plays an especially
important role in the detector’s choice. To develop a detector suitable for these
challenging conditions, an IAXO subgroup focuses on the possibility of using silicon
drift detectors (SDDs).

One additional challenge is the holding structure which allows the experiment to
follow the sun in elevation and azimuthal angle. This is necessary to keep the
incident solar axions parallel to the telescope for up to 12 hours per day. This is a

significant improvement compared to CAST, which previously could only track the
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sun for 3 hours per day, divided between sunrise and sunset. Despite the presence
of the 5-meter-long telescopes at one end, the centre of mass, and the mounting
point on the moving platform, of the entire structure remains near the middle of the
magnet system, owing to the large mass of the magnets and the cryogenic system.
[43]
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Figure 10: Projected axion parameter space for IAXO

The projected sensitivity of IAXO and BabylAXO to the axion-to-photon coupling
Ja is depicted in comparison to other experimental limits. Both experiments aim to
surpass current experimental limits and probe new regimes in the axion parameter
space. Adapted from [33].

2.1. Goals

As a helioscope experiment, IAXO aims to measure solar Axions by utilising the
inverse Primakoff-effect, coupling them to X-ray photons in a strong magnetic field,

as described in chapter 1.2.3.

Its predecessor, CAST, reached unprecedented goals during operation, being the
first helioscope to surpass the astrophysical limit on the axion-to-photon coupling
Gary S 10710 GeV™! [43]. TAXO is aiming to surpass those limits by incorporating
only custom-built components. CAST, on the other hand, was built mainly from
recycled components, like an old X-ray satellite, used for the optics system [45].
A visual representation of the aspired sensitivity for IAXO is shown in figure 10.
IAXO will surpass astrophysical limits by more than one order of magnitude in the
regime of a meV axion-mass. The custom-developed components will enable this
improved level of sensitivity. The proposed sensitivity of BabyIAXO, the prototype

experiment for IAXO, is shown in figure 10.
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2 TAXO 2.2 BabylAXO

Figure 11: Conceptual design for BabyIAXO

BabyIAXO will consist of a smaller magnet than TAXO, with two bores with a length
of 10 m. The magnet system is visible as a yellow cylinder. Two tubes coming out
of the bottom part of the magnet system depict the X-ray-focusing telescope. Two
different detector systems, encased in special shielding, are shown at the end of the
structure. The model is placed at the future BabyIAXO site in the HERA South
Hall. Next to the model, the first parts of the BabyIAXO drive system can be seen
as red tubes on the bottom right. Image from [46].

2.2. BabyIAXO

BabyIAXO is a transitional step between CAST and TAXO concerning its goals
and technological complexity. While CAST was mostly constructed from recycled
parts, like the LHC dipole magnets, and TAXO will use fully custom-developed parts
for maximum sensitivity, BabyIAXO utilises some recycled components from old
experiments, like the structure and drive system, but also some custom components,

like a custom magnet system.

BabyIAXO will be constructed in the HERA South Hall at DESY in Hamburg.
Figure 11 shows a 3D concept of the BabyIAXO helioscope in the proposed location
at the HERA South Hall. BabyIAXO will function as a fully operational axion
experiment, aiming to push sensitivity levels down to g, ~ 1.5 x 107" GeV™! and

probe a new parameter space. This is especially relevant for the high mass region,
where BabylAXO will probe part of the QCD axion band. This also includes finding
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or excluding KSVZ axions in a mass range between 70 and 250 meV. [47] The
results obtained from BabyIAXO will be valuable for the construction and further
development of IAXO.

This way, BabyIAXO can save time and money by not re-developing suitable compo-
nents that already exist and fit all necessary requirements, but still push sensitivity
limits, by implementing cutting-edge technology where it is most crucial. The main
parts of the BabylAXO experiment are the following [47]:

e Structure and drive system:

For the structure and driving system, parts of the Medium-Sized Telescope
(MST) of the Cherenkov Telescope Array (CTA) are repurposed since they
have similar requirements in tracking sensitivity and weight capacity. The
load on the drive system of BabyIAXO will be 71.6 t. The structure will
allow BabyIAXO to achieve 12 hours of solar tracking time, coinciding also
with the operational target set for IAXO. The most important parts of the
structure and drive system are the foundation, the tower, the rotating head,
the counterweights, and a large support frame. Most of the structure and drive
system parts are already in the HERA South Hall.

e Custom superconducting magnet system:
One of the main improvements of BabylAXO, in contrast to CAST, is the
custom-developed superconducting magnet system. A good metric for evalu-
ating the magnet system is the magnet figure of merit fy; = B2L?A, where B is
the magnetic field, L is the length, and A is the cross-section area. The CAST
magnets have already achieved a magnetic field strength of 9 T and a length
of 10 meters, so enhancing these parameters presents significant challenges.
However, the magnet’s design results in a relatively small cross-section area
of just 0.003m?. With a different magnet configuration, a substantially larger
cross-section is possible [48]. Therefore, the magnet system for BabylAXO
comprises two 10 m long and 82 mm thick racetrack coils with two bore tubes
between them. With a peak field of 3.2 T, the magnetic field strength is lower
than the 9 T field of CAST [49]. The combined cross-section area, however, is
increased from 0.003m? to 0.77m2. This improves the magnet figure of merit

by more than an order of magnitude compared to CAST.

e Cryogenics for superconducting magnet:
The BabyIAXO cryostat is essential for the operation of the custom supercon-
ducting magnets. It is primarily constructed from aluminium alloy in a cylin-
drical shape due to relatively low mass and manufacturing costs. The cold
mass is supported by a system of titanium and Permaglas rods, which min-

imises heat loads and ensures stability, even during inclinations of up to +25°.
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Cooling is achieved using a ”dry” system that employs cryocoolers and he-
lium gas circulators, enabling a cooldown from room temperature to 4.2 K in

approximately 17 days.

e X-ray focusing optics:

The X-rays generated in the magnetic field are focused by the optics to the
detector. To maximise the experimental outcome, each of the two bores will
be equipped with different X-ray optics. The first one will implement an exist-
ing flight-spare module from the X-ray Multi-mirror Mission (XMM) Newton.
These optics were designed for a comparable telescope diameter. They are a
promising and, in XMM, already successful set-up [50]. The second bore will
implement a custom-designed focusing optic set-up, similar to the final TAXO
optics. [51]

e Detector:
BabyIAXO will implement different detector technologies ranging from well-
established axion helioscope detectors, like Micromegas, to newly developed
high-sensitivity detectors, like Silicon Drift Detectors (SDD). The properties
of the different detectors and the BabyIAXO detector requirements are elab-
orated in chapter 2.3. By integrating different types of detectors, BabylAXO
aims to improve the overall sensitivity across a broad range of axion masses.
The active and passive shielding configuration is also an essential part of the

detector setup.

All of the above mentioned components are already in development by designated
subgroups of the IAXO Collaboration.
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2.3. Detector Challenges

The main challenge of developing a detector for BabyIAXO is reaching the high
sensitivity necessary for measuring an axion signal. To evaluate the quality of a

detector, a simplified detector figure of merit (fp) can be defined as:

fp= (12)

Slo

Here, the detection efficiency is denoted as €, and b is the normalized background of
the detector. This equation shows that for achieving a high fp, the key aspects of
a detector are maintaining low background levels while achieving a high detection
efficiency. Considering that BabyIAXO expects just a couple of axion counts per
year for an axion-photon coupling of 10~*GeV ™!, it is essential to maintain ultra-low
background levels to avoid drowning the signal. Passive (lead, copper, or borated
plastic) and active (scintillating plates) shielding techniques are used to reach the low
background Goal of 10~ "cts/(cm?s keV) for BabyIAXO. The energy range of interest
for BabyIAXO matches the Primakoff spectrum in figure 6, which is the axion flux
BabyIAXO wants to detect. This means the detector must have an especially high
detection efficiency for X-rays in the low keV range. The Primakoff spectrum peaks
at approximately 3 keV, making high sensitivity in this range particularly important.
A high sensitivity around 1 keV is also desirable, as a large part of the axion flux from
axion-to-electron coupling is in this range. In contrast to the Primakoff spectrum,
the ABC spectrum would also benefit from a good energy resolution to resolve the
numerous peaks in the spectrum. Therefore, multiple detector systems are currently

being developed.
The four main detector types currently under development for BabyIAXO are:

e Micromesh Gaseous Structure (Micromegas) detectors are small time pro-
jection chambers (TPCs) equipped with a Micromegas readout at the an-
ode. This detector works by converting X-ray photons into detectable free
charges within a gas-filled conversion volume. Micromegas was already tested
at CAST, where it reached a background level of 10 %cts/(cm?s keV)[52].

e GridPix is an evolution of the Micromegas detector, where a photolitho-
graphically produced mesh is integrated with a pixelated readout chip, where
the timePix3 chip is used[53]. This enables detecting a single electron being
liberated by an interacting X-ray photon with small feature sizes and accu-
rate alignment. The maximum detection efficiency for the GridPix detector is
e = 0.8. [54]

e Metallic Magnetic Calorimeters (MMCs) detect a change in magnetic

flux created by a temperature increase resulting from the deposited energy of
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a particle. This detector is operated at temperatures below 30 mK and has
an especially fast response time in the order of 100ns and excellent energy
resolution of 1.6 eV for 5.9 keV photons [55].

e Silicon Drift Detectors (SDDs) are a type of semiconductor detector and the
central part of this thesis. SDDs are expected to have an especially high detec-
tion efficiency of just below 100% [56], a good energy resolution of 140 eV [57]
and low background potential in the order of 1077 cts/ (cm? s keV) [58]. They

are explained in more detail in the following section.

BabyIAXO will incorporate multiple detector systems. This way, they can be opti-
mised for the future IAXO experiment.
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2 IAXO 2.4 Tristan SDD for IAXO

2.4. Tristan SDD for IAXO

A promising possibility for a BabylAXO and later IAXO detector is based on a
silicon drift detector (SDD) from the TRISTAN [59] production. As part of KA-
TRIN [60], the TRISTAN project is developing a detector to measure the entire
electron spectrum of the tritium beta decay. While KATRIN currently measures
near the endpoint energy to determine the absolute neutrino mass, the new TRIS-
TAN SDD will allow KATRIN to search for sterile neutrinos by analysing the whole
tritium spectrum. With minimal additional development, the TRISTAN SDD for
TAXO (TAXO SDD) has the potential to meet all requirements needed for an IAXO
and BabyIAXO detector.

2.4.1. Silicon Drift Detectors

A silicon drift detector is a type of semiconductor detector. The electrical properties
of semiconductors lie between those of insulators and conductors. One of the main
advantages of silicon as a semiconductor material is its thermal stability, allowing
silicon drift detectors to be operated at a wide range of temperatures without a loss
in performance. As a semiconductor, silicon can also easily be doped to modify its

properties.

The band gap of only 3.63 eV means that an electron-hole pair is created for every
3.63 eV deposited, resulting in a very good energy resolution due to a large number
of charges. Intentionally introducing impurities to the silicon lattice can create ad-
ditional states inside the band gap, altering its conducting properties. This process

is called doping. [61]

There are typically two types of doping used in an SDD. Type-n doping introduces
an additional energy level near the conductance band, which releases a free electron
to the conductance band. In the case of silicon, being a group IV material in the
periodic table with four valence electrons, a group V material like phosphorous will
introduce an additional valence electron to the semiconductor material, creating
an n-type semiconductor. Similarly, p-doping introduces an energy level near the
valence band, creating a hole in the valence band by accepting an electron. This hole
acts as a positive charge carrier. This is done by incorporating group III elements,

such as boron, into the silicon. [62]

When a particle penetrates into the silicon volume, it generates an electron-hole
pair at the interaction point. However, these free charges are indistinguishable from
thermally generated charges in the silicon at regular temperatures. To ensure that
an interacting particle produces a significant signal, its interaction region must first
be depleted of free charges. This depletion zone can be created by using a reverse-

biased p-n junction. Bringing p-type and n-type silicon into contact and applying
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Figure 12: Concept of a reverse biased p-n junction

The enlargement of the white depletion zone in a p-n junction is shown. On the left,
a p-n junction with no applied current is depicted. The p-doped material is depicted
as a red region, and the n-doped material as a green region. In that state, the white,
depleted region is relatively small. This white, depleted zone is enlarged on the right
by applying a reverse bias. The applied voltage causes the negative charge carriers
to move toward the anode, where they recombine, increasing the depleted volume.
An incident ionizing particle can create an electron-hole pair, with the hole drifting
to the p-doped and the electron to the n-doped material due to the electric field.

a negative voltage to the p-type and a positive voltage to the n-type silicon, the
electrons and holes near the junction recombine, forming a charge-free depletion
zone. If an electron-hole pair is now generated within this depletion zone, the
electron will drift towards the anode and the hole towards the cathode, resulting in
a small but detectable current [61]. A visualisation of a reverse-biased p-n junction

is depicted in figure 12.

The working principle of an SDD is based on sideward depletion [56]. The SDD
has a p-dotation on both sides of the chip. For a good energy resolution, a small
n-doped anode is located in the centre of one side of the SDD. To drift the electric
charges to the anode, the p-dotation is separated into concentric circles on which an

electric field is applied [63], as seen in figure 13.

An advantage of the TRISTAN SDD is the additional integrated n-channel Junction
Field Effect Transistor (nJFET) inside the anode of the detector chip for first-stage
signal amplification [65]. The charge collected at the anode is proportional to the

energy of the incident particle.

Most other detector types necessarily include some thick entrance window. Gaseous
detectors like a Micromeags detector confine the detector gas with an aluminium foil
with a thickness of at least O(um) [66]. In contrast, silicon as a detection material
enables a thin silicon dioxide (SiO2) layer with a thickness of just d = 10 nm and
an additional thin transitional layer, in the order of 100 nm [67], to function as an
entrance window [68]. This thin entrance window, compared to other technologies

significantly increases the detection efficiency, especially for low keV X-rays.
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Figure 13: Schematic diagram of an SDD

The path of the electrons, created by incident energy, is visualised in blue. The
back contact side of the SDD, as well as the drift rings, are made out of p*™ doped
material (red). The bulk material is n~ doped and shown as a white area. The
anode in the centre of the SDD is shown in green. Scheme adapted from [64].

2.4.2. 7-Pixel TAXO SDD

The seven-pixel TRISTAN SDD is the basis for developing a detector for BabyIAXO.
The project name for developing this detector is TRISTAN for IAXO (TAXO). The
SDD comprises seven hexagonal pixels with a respective diameter of 3 mm. The SDD
is 450 pm thick with deadlayer in the order of 50 nm [69]. In the TRISTAN proto-
type, the detector chip, ETORE ASIC [70], and the necessary electronic connections
are mounted on a rectangular printed circuit board (PCB), as seen in figure 14. This

detector board was also used for the detection efficiency measurement, explained in

Figure 14: TRISTAN seven-pixel SDD

The seven-pixel silicon drift detector with a 3 mm pixel diameter is mounted on a
printed circuit board (PCB). A closer view of the seven pixels with the corresponding
read-out connections is shown on the left.
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Figure 15: Theoretical SDD detection efficiency

A calculated efficiency is shown as an orange dotted line (data taken from [56]). The
TAXO internal GEANT4 simulated efficiency is shown as a blue dotted line [71].
The shaded grey area indicates the energy range with the highest flux of solar axions.

chapter 3.

Even though, this detector was initially designed for application in the KATRIN
experiment, it has excellent properties for using it in a rare event search, such as a

helioscope looking for solar axions.

One of the most essential properties of a detector that is suitable for integration into
BabyIAXO is its high detection efficiency in the energy range of interest. Most of the
solar axion flux is in the energy range of 1 to 10keV, as described in Chapter 1.2.3.
For the final implementation in the BabylAXO experiment, the shape and material

of the PCB are continuously improved for an increased background performance.

A theoretically determined detection efficiency of a silicon drift detector with a
thickness of 450 pm is shown in figure 15. Both calculations and TAXO internal
simulations point to an excellent SDD detection efficiency of 99% for X-rays of the
Primakoff spectrum and 92% for the ABC spectrum. The main task of this thesis
is to check if this expected efficiency can be achieved with the TAXO SDD.
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v

Figure 16: SOLEIL synchrotron facility
This photograph shows the main building, housing the synchrotron and its associ-
ated beamlines. They are the facility’s core infrastructure.

3. Efficiency Measurement

To determine the absolute detection efficiency of the SDD, I had the opportunity to
take measurements at the Metrology beamline of the SOLEIL Synchrotron facility.

3.1. SOLEIL

SOLEIL is an ultra-high-tech facility for academic research and industrial uses lo-
cated at the Paris-Saclay University and Technology Park. The main building,
housing the Synchrotron and all beamlines can be seen in figure 16. It provides
high-intensity synchrotron radiation for applications ranging from condensed mat-

ter physics to astrophysics.

3.1.1. The Synchrotron

The SOLEIL synchrotron creates synchrotron radiation, from infrared to hard X-
rays, by accelerating electrons. They are first accelerated in a LINear ACcelerator
(LINAC) to an energy of 100 MeV. Then, they are injected into a Booster ring, fur-
ther accelerating them to an energy of 2.75 GeV[73]. Finally, they are injected into a
storage ring with a circumference of 354.097 m [74], where they maintain an energy
of 2.75 GeV. From there, they produce radiation through Wigglers, Undulators, or
Dipole magnets for the many beamlines around the Storage Ring [73]. The whole

structure, including the accelerators and all beamlines, is depicted in figure 17.

Around the storage ring, there are 29 beamlines. Each one is optimised for different
applications with different photon energy ranges. Figure 18 illustrates the energy

range covered by each beamline and gives an overview of the beamline distribution
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Figure 17: SOLEIL synchrotron beamlines

This diagram shows the position and name of the different beamlines around the
storage ring at the SOLEIL Synchrotron. The device for creating the beams at the
individual beamlines is indicated by colour, where blue represents dipole magnets,
red represents Undulators, and green represents Wigglers. The experiments for this
thesis were conducted at the Metrology beamline, circled blue in the bottom right
of the diagram. Taken from [72].

across the X-ray spectrum. The beamline with the largest energy range, spanning
from very soft X-rays to hard X-rays, and the one at which I toke measurements is

the Metrology beamline.

3.1.2. Metrology Beamline

One of the most versatile beamlines at SOLEIL is the Metrology beamline, built
as a metrology test facility for the R&D of optical components and detectors. The
X-rays for the Metrology beamline are produced by the bending magnet D05-1°.
The beam is then distributed onto two specialised beamlines in two different energy

ranges, which can be operated in parallel.

The first beamline branch is for soft X-rays in the energy range from 300 eV to 2
keV and has an acceptance angle of 2 mrad x 0.48 mrad, horizontally and vertically,

respectively. Three concave mirrors redirect and focus the beam along the beamline.

27



3 EFFICIENCY MEASUREMENT 3.1 SOLEIL

Terahertz FarIR Near IR NG YO, - Exteme Soft X-rays Tender X-rays Hard X-rays
UV UV (VUV) UV (EUV) Energy (eV)
| T

0.001 0.01 0.1 1,000 10,000 100,000
MICRO-WAVES INFRA-RED 1.8 3 ULTRAVIOLET X-RAYS GAMMA RAYS
AILES SEXTANTS MARS
0.001 0.4 50 7700 3500 36000
DISCO HERMES PSICHE

L mo e S mmmm——
1 20 70 2,500 17,000 100,000
SMIs DESIRS SIRUS
= o E—
0.025 1 S 40 ) 1,400 13,000
METROLOGIE
30 i 40,000
PLEIADES GALAXIES
10 1,000 2,300 12,000
ANTARES DIFFABS
12 ) 1,000 3,000 23,000
CASSIOPEE _ . ODE
8 1,500 3,500 25,000
TEMPO CRISTAL
S0 1,500 5,000 30,000
DEIMOS SAMBA
E——— E——
350 2,500 6,000 35,000
LUCIA
— s
ROCK
4,500 40,000
PROXIMA.1
QXM
6,000 15,000
PROXIMA-2A
R
6,000 18,000
SWING
EULLCH
5,000 16,000
SIXS
—
5,000 20,000
NANOSCOPIUM
5,000 20,000
ANATOMIX
5,000 50,000
700 400 —h
4,000 60,000
0.1

1,000,000 100,000 0.01

4
N

T
Wavelength (nm)

Figure 18: Beamline distribution across different energy ranges
The beamlines around the SOLEIL synchrotron are distributed across different en-
ergy ranges, mostly in the X-ray spectrum. Taken from [73].

The photon energy is selected with a Varied Line Spacing Plane Grating Monochro-
mator (VLS-PGM) between the second and third mirror [75]. This monochromator
uses the converging beam from the second mirror and three interchangeable gratings

with different groove densities for various energy ranges [76].

The second beamline branch is for hard X-rays in the energy range from 3 keV to
35 keV and has an acceptance angle of 1.7 mrad x 0.153 mrad, horizontally and
vertically, respectively. The data used for the analysis, described in Chapter 4, were
taken at this branch. Here, a double-crystal monochromator (DCM) is used for the
energy selection and tuning of the desired beam intensity. In this beamline, the DCM
is located 21 m from the bending magnet. It uses two Si(111) crystals to select the
beam’s energy. The first crystal changes the continuous synchrotron spectrum into
a narrow wavelength spread, while the second crystal makes the transmitted beam
parallel to the incident beam. This second crystal is commonly detuned, making
it slightly unparallel to the first crystal to decrease the bandwidth and suppress

harmonic contaminations as much as possible [77].

The harmonics occur at 3 and 4 times the main energy. The reason for the occurrence
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of harmonics is that a DCM relies on Bragg diffraction, see equation 13, where the

multiples of a desired energy also satisfy the diffraction condition.

nA = 2dsinf (13)

The first harmonic at twice the energy is highly suppressed because its structure
factor is zero. This means that the scattering vectors from atoms in the unit cell
of the crystal interfere destructively, cancelling each other out. [78] The harmonic
contribution is less relevant for higher energies since it decreases more rapidly for
high than low energies [77]. In our measurements at the metrology beamline, we
also observed harmonics, as described in Chapter 4. Although they introduce some
errors, the intensity of the harmonics is low enough that they do not significantly
affect the results.

After the wavelength selection, an elliptical mirror M1, an exit slit, and a flat bend-
able mirror M2 focus the beam at the sample location. All primary optics can also
be translated out of the beam for measurements with the synchrotron radiation
white beam [77].

The beamline also includes a high vacuum chamber, shown in figure 19, with a move-
able d = 55.5 um thick AXUV100TF400 photodiode mounted on the far side of the
beam. In our efficiency measurement, this photodiode is used for the determination
of the absolute rate. A two-axis motorised goniometer is located at the centre of
the vacuum chamber. The beam target, in this case a holder with the SDD, can be
mounted onto the goniometer, allowing a precise positioning within or without the

beam’s path.
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Figure 19: Vacuum chamber for the hard X-ray branch of the Metrology
beamline

This photograph was taken from the inside of the vacuum chamber of the hard X-
ray branch of the Metrology beamline. The two-axis goniometer can be seen at the
bottom, the SDD, circled blue, is mounted onto it in the centre with a holder. The
photodiode, circled green, is located at the centre of the vacuum chamber, visible in
the centre top part of the photo. During operation, the photodiode is lowered into
the beam’s line of sight. The yellow arrow marks the direction of the beam.
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Figure 20: Peltier element Concept

This figure depicts the working principle of a Peltier cooling element. In (a), a
single detailed thermocouple cell is depicted. In (b), the serial connection of many
thermocouple cells, building a Peltier element, is portrayed.

3.2. SDD Holder and Cooling System

I designed a custom holder to securely attach the SDD PCB to the goniometer and
position it vertically in the beamline. Good thermal contact between the PCB and
the holder is important for an efficient heat drain since the operation of the SDD also
produces heat. A cooling system via a Peltier element was included in the holder,

to improve the energy resolution of the SDD.

A Peltier element, also called a Peltier thermoelectric cell, is a cheap and reliable
tool for small-scale refrigeration. It comprises many thermocouples (TCs), as shown
in figure 20a, thermally connected in parallel and electrically in series [79]. It relies
predominantly on the Peltier effect, which describes the heat transport from one
side of a TC to the other through an electrical current. This results in the cooling

and heating of each junction, respectively.

The quality of the heat transfer depends on the difference in the Peltier coefficients
of the materials between the junctions. The Peltier coefficient, in turn, depends on
the electron density of a material, among other parameters. This is why p- and

n-type semiconductors are commonly used in Peltier elements. [80]

The holder consists of a metal block comprising the heat drain system and a c-shaped
part where the SDD is mounted. The Peltier element is positioned between the
components using fitted indents. The element is kept in place by the pressure created

when both sides are fastened together with screws. The heat transfer through the
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Figure 21: Holder for SDD with included cooling and heat drain system
The aluminium holder with mounted SDD on the blue PCB is depicted. The shape
of the seven hexagonal pixels can be seen through the hole of the PCB. The black
adapters for a water heat drain system are visible on the top and on the left-hand
side of the central aluminium block. The dashed lines in the photo indicate where
the water can circulate through drilled holes. The holding structure is attached to
the surface by a simple metal angle.

screws between the hot and cold section of the holder is minimised by using special
PEEK screws. PEEK is a high-temperature-resistant plastic [82]. The heat transfer
is maximized between each section of the holder and the respective side of the Peltier

element via a thermal paste.

A water cooling system was included in the metal block to reach even lower tem-
peratures with the Peltier cooling. Aluminium was used as material for the holder,
due to the effectiveness of the water cooling. In the first tests under non-vacuum
conditions, the limit of the Peltier cooling system was 0 °C due to the thermal con-
duction of the air. In a vacuum chamber under a pressure of ~ 107 mbar, the
system could reach temperatures of -15 °C. This temperature was maintained in the

measurements, even during the SDD’s operation.

The final version of the holder with integrated Peltier cooling, water heat drain
system, and the mounted SDD-PCB can be seen in figure 21. This setup allows
the SDD to maintain a good energy resolution by keeping its operating temperature
below 0°C.
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3.3. Experimental Setup

Before the measurements at the Metrology beamline could be conducted, first the
experimental setup was developed. For this, all necessary electronic components

were selected and configured.

3.3.1. Data Acquisition

The data acquisition describes how the data is taken and the components necessary
for processing it. The composition and connection of all components should enable
a signal transfer from the moment a photon hits a pixel of the SDD, then amplifying
the signal, identifying it as an event and converting it to digital data, which can
then be stored on a computer. The data acquisition process for the measurement at

SOLEIL is visualised in figure 22. These were the main components of the setup:
e SDD

Bias board

NIM Pulse generator

Dual channel waveform generator
e CAEN V1782 Octal Digital Multi Channel Analyzer
e PC

The signal from the SDD is first transferred to the bias board. It is connected to
the detector by flat cables. For these measurements, I used a bias system developed
by XGLab. The bias system is required to provide and control all detector biases.
Additionally, it induces a pulsed reset signal for a synchronised discharge of the SDD

capacitors. An external pulse generator was used to define the reset period in this

NIM Pulse |Trigger for

>

Generator
Reset
V V V
Signal

Inhibit

Signal

Figure 22: Signal processing chain and experimental setup

In this diagram, the composition of the experimental setup and its connections are
depicted. The amplified signal from the SDD gets transferred to the bias system for
further amplification. The data acquisition (DAQ) system converts it to a digital
signal. The NIM pulse generator and the dual waveform generator are responsible
for the timed read-out and inhibit signals. Finally, the data is transferred to a PC,
where it can be stored for further analysis.
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Figure 23: CAEN data acquisition card

The CAEN V1782 Octal Digital Multi-Channel Analyzer, operating as a data acqui-
sition (DAQ) system, converts analogue signals into digital data. The DAQ system
is connected to the bias board to transfer the SDD’s signal. Another input is the
inhibit pulse from the waveform generator. The output is an optical fibre cable
connected to a computer [83].

measurement. The bias board can also receive another external pulse and induce
it as a signal on every pixel of the SDD. The bias board is powered by an external

power supply, providing 25 V and 1.5 A.

The output signal from the bias board is received by the data acquisition (DAQ)
card. For this measurement, a CAEN V1782 Octal Digital Multi Channel Analyzer,
depicted in figure 23, was used as a DAQ card. A second input for the DAQ card is
a pulsed inhibit. It is necessary to inhibit the signal during the discharge of the SDD
capacitors, as output distortion can affect the signal processing and identification.
In the DAQ card, the analogue signal is turned into computer-processable digital
data. It is connected to a desktop PC via optical fibre cables for data transfer and

configuration.

A dual channel waveform generator is used for creating the reset and the inhibt
signal. Both are created by the same device to synchronise the two pulses. The first
channel defines the inhibit and has a pulse length of just 5 us. The second channel
defines the timing and duration of the inhibit and has a pulse length of 50 us. The

pulse in both channels gets externally triggered by another pulse generator.

A NIM model pb-5 pulse generator is used as the external trigger for the reset and
inhibit. The primary function of this pulser is to induce an additional signal in the
SDD, which acts as a crucial part of the analysis, described in Chapter 4. This pulse
is set to a rate of 1 kHz and an amplitude of 0.19 V, correlating to an energy of

approximately 23 keV in the SDD’s energy spectrum. This pulse is timed to occur
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Figure 24: Components for data acquisition
For the data acquisition, a bias board, a CAEN V1782 DAQ card, a dual-waveform
(wf) generator, and a NIM model pb-5 pulse generator (pulser) were used.

slightly before the induced SDD reset via the provided external trigger signal to the
dual-waveform generator. In figure 24, the assembly of these components and their

connections are shown.

3.3.2. Data Processing

Most of the processing of an event from the detector happens in the DAQ card.
Here, the signal is discriminated from the background using digital signal filters. In
this DAQ card, the event trigger is set via an RC-CR2 filter and the amplitude is

recreated through a trapezoidal filter.

The DAQ card can be operated in waveform mode and in list mode. The list mode
saves only the analysed data in a list of specific information about each event. The
advantage of this mode is its rapid operation, as it only requires writing the essential
information for each event to the storage medium. This mode was used for the data

acquisition during the measurement at the SOLEIL synchrotron.
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Figure 25: Sample waveform analysis

The filtering process, applied in the data processing of a CAEN V1782 DAQ card
is visualised in this diagram. The processing is illustrated on the waveform of
an exemplary detector emulator event simulating an SDD X-ray event. The raw
waveform is depicted in the top left panel. The top right panel visualises the baseline
restoration process and pole-zero correction (orange) on the waveform. The bottom
left panel shows the applied RC-CR2 trigger filter. In this panel, the consecutive
application of a window averaging filter (purple) and then twice a derivation filter
(brown and pink, respectively) on the signal is visualised. The bottom right panel
shows the application of a trapezoidal filter (red) for the energy determination.

The waveform mode, on the other hand, saves the whole waveform for every detected
event. This not only increases the dead time due to a lot of data being processed
but also results in large file sizes, even for short acquisition times. The advantage
of this mode, however, is a better understanding and visualisation of the measured
events. This is very valuable for understanding the working principle of the event
selection. This is especially relevant for measuring the absolute detection efficiency,

where the number of detected events plays a major role.

The CAEN DT5810 Fast Digital Detector Emulator can simulate SDD events. An
example of such a waveform is shown in figure 25a, to visualise the working principle
of the RC-CR2 and trapezoidal filter.

A baseline restoration is the first signal processing step, keeping the signal’s shape
but shifting it such that the baseline is at 0. In the next step, a pole-zero correction is

applied to the signal. This keeps the event’s amplitude but removes the exponential
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decay visible in the raw waveform. Figure 25b shows the applied baseline restoration

and pole-zero correction.

Next, the RC-CR2 filter applies a window averaging and then twice a derivation
filter to the signal, resulting in a sinus-like shape as seen in figure 25¢. The trigger
for an event is armed when the filter signal crosses a threshold value. The trigger is

activated when the filter signal has a negative slope as it crosses zero while armed.

The trapezoidal filter reconstructs the event’s amplitude. It operates by applying a
differential window averaging filter to the pole-zero corrected signal. This is depicted
in figure 25d. The trapezoidal filter is relevant for the energy determination of an

event, as the amplitude of the signal correlates to the energy of the incident particle.

In the detection efficiency measurement, the here elaborated event identification
and characterisation procedure is done internally by the CAEN V1782 DAQ card.
The optimised configuration of the values for the filters needs to be set manually.
The most important values are the rise time for both filters, the trigger threshold,
the pole-zero decay time, and the window size for the baseline determination. The
corresponding configuration was determined by a series of test measurements with

the detector emulator.
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Figure 26: Positioning of the SDD
The photodiode current was measured while moving the SDD vertically (a) and
horizontally (b). The minimum intensity was measured when the beam was hitting

the PCB. A step-like increase in intensity was seen when the beam was hitting only
the thinner SDD chip.

3.4. Measurements

All data taking discussed in the following was done at the hard X-ray branch of
the Metrology beamline at the SOLEIL facility due to noise issues at the soft X-ray

branch. The data for the hard X-ray branch was collected over a period of two days.

The first challenge was the right positioning of the SDD so that the beam centrally
hits the detector. This was done by measuring the beam intensity with the pho-
todiode in the back of the vacuum chamber while moving the SDD for a sufficient

distance horizontally and vertically, respectively.

In figure 26a the photodiode current during the horizontal positioning is shown. In
the current, the composition of the detector is visible as a change in the current
intensity. From left to right, the beam intensity changes from a very high intensity
of the unobstructed beam to a very low intensity, corresponding to the beam hitting
the thick PCB. A noticeable increase is seen when the beam spot moves from the
thick PCB to the thin silicon detector. After that, on the right side of the plot, the

intensity decreases when the beam is, again, hitting the PCB.

The same process is done for the vertical positioning, visible in figure 26b. Due to
the limited scanning range, only the change in intensity between the beam hitting
the PCB and the SDD is captured.

Both scans were used to calculate the X- and Z-position for the beam hitting the
centre pixel of the SDD. Those values for the goniometer were determined to be

X = 0.1 mm horizontally and Z = —3.4 mm vertically.

After the detector positioning, the next step was to tune the beam intensity. For the
detection efficiency measurement, a rate of approximately ~ 10 kHz was desired,

which is relatively low for the SOLEIL Synchrotron’s typical operating conditions of
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Figure 27: Beam intensity scan

The beam intensity was adjusted by moving the second crystal of the DCM. A full
view of the intensity range at a beam energy of 12keV can be seen in the left panel.
In the right panel, a small section of the full range is shown to better display the
region of interest. The selected angle of 0.94 mrad is marked by a dotted line.

up to GHz rates [84]. The rate tuning is done by adjusting the angle of the second
crystal of the DCM. The change in beam intensity with a changing crystal angle

can be seen in figure 27.

Such a scan of the beam intensity over the crystal angle is called a Rocking Curve.
For the purpose of this measurement, only the tail of the Rocking Curve was used,
which translates to using only the outer edges of the beam, resulting in a reduced
photon rate. A diode current of approximately 2 x 1072 A was targeted, resulting
in a beam rate within the desired range. This angle had to be tuned every time the
energy was changed since an energy change shifts both crystals of the DCM, resulting

in a necessary adjustment of the second crystal for the desired beam intensity.

At this point, the beam was tuned to the right rate and hitting the SDD at the
centre. Unfortunately, when attempting to collect the initial data, a noise issue
was identified. Some light was emitted from the motorised positioning system of
the two-axis goniometer. Even though the light is low in energy compared to the
beam, the ultra-thin entrance window of this SDD allows it to pass through easily,
leading to almost immediate saturation of the detector. This would make data-

taking impossible.

The solution to this problem was switching the power supply to the motors com-
pletely off during the SDD measurements. The SDD had to be moved out of the
beamline, for the comparison measurement with the photodiode. Therefore, the
power supply for the positioning motors had to be switched on and off for every
measured data point. This solution effectively resolved the noise issue, allowing

measurements to be taken.

With these given requirements, a measurement procedure was developed. All data
points were performed in the following sequence. Before data collection, an outline

was created to determine an appropriate number of data points and the specific
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energies at which measurements would be most reasonable. At the beginning, The

SDD is positioned outside of the beam.

1.

10.

The first step of all measurements was to change the beam’s energy by changing
the DCM’s angles, as described in section 3.1.2.

. Next, the Rocking Curve was used to define the pitch angle for the second

DCM crystal. This adjusts the beam intensity to a reasonable level, ensuring

a consistent rate across all runs.

. The first data was taken with the photodiode. At this point, the SDD was

still out of the beam’s line of sight to have an unobstructed beam intensity
measurement. This is also the first measurement from the left visible, as a

blue line, in figure 28.

. In this step, the SDD was moved into the beam to a position where the beam

hits the centre of the detector.

. The power to the motorised goniometer was then switched off to eliminate any

noise it generates, ensuring a noise-reduced measurement.

. At this point, the data with the SDD was taken. At the same time, a mea-

surement with the photodiode was performed, shown by the orange line in
figure 28. Here, it is also visible that the SDD obstructs the beam from reach-

ing the photodiode, resulting in a decreased current at the photodiode.

Once the SDD measurement is completed, the motors were switched back on

and reinitialised.

. While the motors were reinitialised, the beam valve was closed, and a back-

ground measurement for reference was taken using the photodiode. This mea-

surement is coloured red in figure 28.

. Afterward, the valve was reopened, and the detector was moved out of the

beam.

Finally, the photodiode measured the unobstructed beam intensity again, com-
pleting the measurement sequence for one data point. The current at this step

is shown by the green line in figure 28.

The data taken with the SDD are visualised as an energy spectrum, as seen in

figure 29. In this spectrum, the unique features of the beam and the experimental

setup are visible.

The most prominent peak in this energy spectrum is the beam’s full energy peak

(FEP), located at the configured energy. A backscattering tail can be seen on the
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Figure 28: Measurement sequence

The first and last measurement was conducted with an unobstructed beam intensity,
shown as blue and green lines, respectively. The orange line corresponds to the diode
current during the SDD measurement, which also obstructed the beam from hitting
the diode. The red line represents a background measurement with no beam. The
here shown currents are for a beam energy of 10 keV.

low-energy side of this main peak. This feature results from photons being back-
scattered and leaving the detector, only depositing a part of their energy in the
main bulk of the SDD. A small peak is located in this low-energy tail. This feature
represents the silicon escape peak resulting from electron ionisation. The first peak

on the high-energy side of the main peak, along with the surrounding background, is
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Figure 29: SDD energy spectrum at 10keV beam energy
The full energy peak (FEP) is visible at 10keV. Harmonics are visible at 3 and 4
times that energy. The silicon escape peak is visible at 8.3keV, 1.7keV below the

main peak. The pulser was set at approximately 23 keV. Pile-up appears for both
the main and pulser peaks.
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caused by pile-up. This occurs when two or more events overlap partially or fully in
time, resulting in a combined signal. The observed pile-up peak is produced when
two events are detected almost simultaneously, leading to a higher-energy signal
that appears as a single event. The second-highest peak in the energy spectrum
is at approximately 23keV and is from the pulser with a defined energy and rate.
Since the Poisson distributed events can also overlap with the pulser event, a pulser
pile-up peak occurs at an energy determined by the sum of the beam and pulser
energy. Two more evident peaks are from the harmonics of the beam. They are

located at three and four times the beam’s energy.
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4. Data Analysis

The analysis procedure to extract the absolute efficiency of the SDD from the data
taken at the SOLEIL synchrotron is described in this chapter. This procedure was
applied to 29 individual measurements carried out at 25 different beam energies in

a range from 3 to 35 keV.
The analysis was divided into three steps:

1. Beam rate determination
The beam rate is derived from the photodiode current. The photodiode in the
back of the vacuum chamber, introduced in chapter 3.1.2, measures the total
current induced by beam photons, which is used to estimate the beam rate.
This is described in chapter 4.1.

2. SDD rate determination
The SDD rate is derived from the energy spectra, using pulser events as rate

calibration. This is described in chapter 4.2.

3. Efficiency calculation
The efficiency is obtained as the ratio between the SDD and the beam rate.

This ratio represents the energy-dependent absolute detection efficiency.

For illustration purposes, the individual steps of the data analysis are demonstrated

using an example measurement at a beam energy of 10keV.
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4.1. Beam Rate Determination

The beam rate is adjusted by the angle of the second crystal of the monochromator
as described in chapter 3.1.2. The photodiode is used to measure the beam current,

which is then used to estimate the beam rate.

The output signal of the photodiode is a measured current that is recorded over
the course of the measurement. This current represents the charge generated by
the incident photon flux. Assuming a fully monochromatic beam, where all photons

have the defined energy, allows for the calculation of the beam rate.

A challenge in determining the beam rate is that the rate of interest occurs during
the SDD measurement when the SDD itself obstructs the beam. To address this,
unobstructed photodiode measurements are taken before and after the SDD mea-
surement, and the current at the time of the SDD measurement is estimated by

interpolation.

When shutting off the beam, the photodiode measures a non-zero current. This
background current is subtracted from the interpolated current as it does not origi-

nate from the beam intensity.

The beam current is calculated from both unobstructed diode measurements, named
Freel and Free2, respectively, minus the background current. Freel and Free2 cor-
respond to the first and last measurement of the data-taking procedure explained
in chapter 3.4. The corresponding currents during both measurements are defined
as Iree1 and Ipeeo and corresponding time-stamps are tpree; and tpeez, respectively.
The time of the SDD measurement is defined as tspp. These timestamps are the

centre between the start and end of the corresponding measurement.

The Freel and Free2 current measurements for the exemplary measurement at
10keV beam energy can be seen in figure 30. The mean value and the correspond-
ing statistical uncertainty are calculated for both measurements. The uncertainty
is calculated using equation 14, representing the standard error of the mean. The
values are (1.575 4 0.008) pA for Freel and (1.627 4+ 0.006) pA for Free2 for the

10 keV measurement.

std(Ipreet /2)

O'Free1/2 = m
eel /2

Due to drifts in the beam intensity, the diode current Igeam at the time of the SDD

measurement is estimated by linear interpolation using:

(14)

I ree2 — I ree
IBeam - <M : (tsdd — tFreel)) + ]Freel (15>

tFreeQ - tFreel
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Figure 30: Current during unobstructed measurement at 10 keV

The first measurement (Freel) is shown as a blue line, and the second (Free2) is
shown as a green line. The corresponding mean currents and uncertainties are
indicated by the dotted lines.

An additional systematic uncertainty is introduced since the exact beam intensity
path between Freel and Free2 is not precisely known. The uncertainty corresponds
to the maximum difference between the interpolated and individual values and is
added in quadrature. For the measurement at 10 keV, this results in a beam current
of

IBeam = (1.599 + 0.005 4 0.028) pA = (1.599 + 0.028) pA. (16)

The linear interpolation and the corresponding uncertainties for this measurement
are shown in figure 31. For this data point, the interpolation uncertainty dominates
the total uncertainty. This is not the case for all measurements carried out at

different beam energies.

The next step in the beam rate determination is subtracting the background. The
photodiode current with no beam was recorded during every measurement sequence.
Figure 32 shows the background current consecutively across all measurements. The
mean background is Jhieq = (0.8501 £ 0.0049) pA and is indicated by a blue dotted

line in figure 32.

This value is subtracted from the interpolated diode current. For the exemplary
data point at a beam energy of 10keV, this changes the beam current to Igeam =
(0.749 £ 0.028) pA. The beam current for all measurements is shown in figure 33.

This figure also illustrates that the current was kept reasonably constant throughout
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Figure 31: Linear interpolation of the diode current at an energy of 10keV
The linear interpolated value for the current during the SDD measurement is de-
picted as red data point. The error bars of the blue measurements represent the
statistical uncertainty. The error bar of the red data point indicates the total un-
certainty, including the systematic interpolation uncertainty.

all measurements. However, since the current had to be manually adjusted for
each measurement, the beam intensity was slightly higher in the two measurements
conducted at 9 keV beam energy. Even though these data points are slightly above
the other measurements, this increased beam rate is not problematic for the SDD

measurement.

The beam rate is calculated from this current for each measurement, based on the
energy of the photons hitting the diode, using equation 17. This calculation assumes
that the beam is perfectly monochromatic and all photons have the same energy.
This assumption neglects harmonic contributions to the beam, due to higher-order
Bragg-reflection in the monochromator, as described in chapter 3.1.2. The extent
of this effect is discussed in chapter 4.3. The equation uses that current represents
charge per second. Given that the mean energy to create free charge carriers and
the energy of the incident photons are known, these values can be used to calculate

the photon rate wqjode-

3.65-1 1
ode = —————— - [1 — —a(F)-d 1
Wiiode = g o L~ xp(~a(E)-d)] (17)
I is the current measured by the photodiode. R = %&v is the responsivity of

the photodiode. The responsivity is the energy response for the incident light and
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Figure 32: Background current measured by the photodiode
The current, measured without beam is depicted as red line. The mean value is
indicated by the blue dotted line.

is composed of the average value for the electron-hole pair creation energy in sil-
icon (3.65 eV) and a correction constant (0.98) given by the photodiode’s manu-
facturer to account for the characteristics of the diode [85]. e = 1.602 x 1071? C
is the electron charge, and F is the energy of the incident photons. The factor
A(E) =1—exp(—a(E) - d) accounts for the absorption probability. The absorption
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Figure 33: Beam current for different energies

The beam current was kept at a similar value for all measurements. Only at a beam
energy of 9keV a higher current was observed.
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Figure 34: Beam rate at different energies
The beam rate is determined from the photodiode measurments. A correction for
the decreasing absorption probability at higher energies is included.

coefficient a depends on the energy E of the incident photon and the properties of
the detector material, here silicon. With the absorption coefficient o (E) of silicon,
taken from [86], in combination with the photodiodes thickness d = 55.5 um, the
absorption probability can be determined. The measurement of the SDD detection
efficiency depends on this correction factor. A more accurate determination of the
true beam rate could be obtained by using a photodiode with calibrated efficiency

across the measured beam energies.

With equation 17 the beam rate for all measurements can be calculated. The re-
sulting beam rate for each data point can be seen in figure 34. The uncertainty on
the rate is determined by Gaussian error propagation. For the data point at 10 keV,
this leads to a beam rate of wpeam = (5.03 £ 0.19) kHz.
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Figure 35: Marked SDD energy spectrum at 10keV beam energy
The full energy peak at the main beam energy is marked in green. The pulser peak
is marked yellow. The corresponding sidebands around both peaks are marked red.

4.2. SDD Rate Determination

The determination of the rate measured by the seven-pixel SDD varies considerably
from the rate determination with the photodiode, elaborated in section 4.1. While
the photodiode measures an integrated current for all incident photons, the SDD
provides energy information on an event-by-event basis. In figure 35, the energy
spectrum recorded at a beam energy of 10keV is shown. The various features of

this spectrum are explained in Chapter 3.4.

The rate determination is based on the two highest peaks in figure 35. They corre-
spond to the full energy peak at the main beam energy and the peak from the pulse

generator.

The reason for using the pulser is to avoid pile-up effects. The measurements are
conducted at a Poisson distributed rate in the order of O(10)kHz. At this rate
pile-up, as well as the pile-up-related dead time of the DAQ system, can have a
significant impact. For this reason, an artificial pulse was injected via the reset line
just before each reset cycle, as described in Chapter 3.3.1. In this configuration, the
additional pulses appear as regular events during the pulse processing and suffer the
same pile-up effects as normal beam events. The pile-up effects occur for the pulse
with the same probability as the beam. Since the pulser rate is known, it can be

used as rate calibration.
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The number of events in both peaks is obtained by integrating over a sufficiently wide
window around each peak. Background events are taken into account by sideband

subtraction, using sidebands with a width of g next to the peak window of width d.

The typical number of events in the sideband is below 1% of the events in the peak
region. For the 10 keV measurement, this results in 551535 42056 full energy beam
events, while 118691 £ 47 pulser events were recorded. The uncertainties take into

account the statistical uncertainty of v/ N in both the peak and sideband regions.

The beam rate is calculated using equation 18.

NrEep
Npulse

(18)

WFEP = Wpulse X

Here, wppp and wpuse are the full energy peak (FEP) and pulse rates, respectively.

The uncertainty of this rate is determined by Gaussian error propagation. The cor-

rection factor is k accounts for not recording data during the inhibit time described

in chapter 3.3.1. By construction, the pulser events do not fall into the inhibit win-

dow, while beam events do. The duration of the inhibit is 5 us every 1 ms, resulting
1

in a correction factor of K = 55z on the number of events in the main peak. For

10keV, this leads to a rate of (4.88 £ 0.02) kHz.

So far, this calculation relies on the events from the centre pixel of the seven-pixel
SDD. Unfortunately, it is found that the beam shape is not completely circular
and is not only hitting the central pixel. Especially at low energies, the beam is
found to be horizontally elongated, depositing energy in the surrounding pixels.
For visualisation purposes, a heat map of the beam’s intensity in every pixel is
calculated. The heatmaps for a beam energy of 3.5 and 18keV are depicted in
figure 36. At 3.5keV, the beam has an elongated shape, spreading mostly into the
left and right pixels, while at 18 keV, only the central pixel is hit. The number in the
individual pixels is the fraction of events recorded with each corresponding pixel. In

the following, the pixels will be referred to as described in figure 37.

In the exemplary measurement at 10keV 89.3% of the beam hits the central pixel,
as seen in figure 38. To accommodate this effect, the full rate analysis, which is done
for the centre pixel, is also applied to the six surrounding pixels. This includes the
peak identification, sideband subtraction, and error calculation. The corresponding

results for the 10 keV data point can be seen in table 1.
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Figure 36: Beam intensity heatmaps for 3.5 and 18keV beam energy

The heatmaps visualise the beam shape for two exemplary beam energies. the hori-
zontally elongated beam shape at 3.5keV is shown in the left panel. The desireable
point-like beam is shown in the right panel. Each pixel’s number represents the
beam’s fraction impacting that pixel.

Table 1: Measured beam rate per pixel at a beam energy of 10keV
The individual rates and uncertainties for all seven pixels are shown.

Pixel

nw

ne

CwW

cC

Rate [kHz]

0.075 £ 0.001

0.038 = 0.001

0.238 £+ 0.002

4.875 4+ 0.016

Pixel

ce

SwW

se

0.155 4= 0.001

0.036 = 0.001

0.012 £ 0.000

Rate [kHz]

Ultimately, the seven individual rate calculations are combined into one rate repre-
senting the whole beam. This accommodation for the shape and spread of the beam
introduces an additional error source, as it cannot be guaranteed that the entire
beam is hitting the detection area of the SDD.

To include this error, an estimation of the amount of events not hitting the SDD

Figure 37: Pixel naming method
The seven pixels of the SDD are named corresponding to their position in the ex-
perimental setup.
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Figure 38: Beam intensity heatmap for 10keV beam energy

This is a visualisation of the imaginary pixels surrounding the SDD, accounting
for the uncertainty of the beam not only hitting the SDD’s detection area. The
heatmap in the centre shows the measured distribution of the beam’s fraction in
this measurement.

is performed. This estimation assumes 12 imaginary pixels surrounding the SDD’s
pixels. For each of these imaginary pixels, the potential fraction of the beam hitting
that pixel is calculated. The contributions from all such pixels are then summed to

estimate the total number of events that may be missing the detection area.

This value is then transformed into a rate, which is added as a systematic uncertainty
to the rate measured by the SDD. A visualisation of this procedure applied on the

10 keV measurement is depicted in figure 38.

This results in a rate of (5.428 +0.016 + 0.027) = (5.428 4+ 0.031) kHz for the data
point at a beam energy of 10 keV The same procedure is repeated for each data point
in the measured range between 3 and 35 keV beam energy. The final measured rate

at each beam energy can be seen in figure 39.

The systematic uncertainty dominates the uncertainty budget for measurements at
beam energies below 9keV. Above this energy, no significant rate was recorded in

the outer pixels
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Figure 39: Measured beam rate with the SDD

The rate measured by the SDD for each beam energy with corresponding uncertainty
is shown.
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Figure 40: Absolute SDD detection efficiency

The measured absolute detection efficiency of the TAXO SDD is visualised as black
squares. For reference, a calculated efficiency, taken from [56], is included as an
orange dotted line.

4.3. Absolute Detection Efficiency of the TAXO SDD

The absolute detection efficiency of the TAXO SDD is determined as the ratio of
the rate measured with the SDD and the beam rate estimated from the photodiode
current, including corrections for the absorption coefficient of the photodiode. The
efficiency € is given by:

¢ — WsDD (19)

Whiode

Here, wspp is the SDD rate, and wpjoge is the beam rate.

Using the diode rate values from chapter 4.1, the SDD rate values from chapter
4.2, and Gaussian error propagation to account for the uncertainties, the energy-

dependent detection efficiency is determined as shown in figure 40.

For the exemplary data point at a beam energy of 10keV, the detection efficiency
of the SDD is determined to be (108.32 £ 4.14) %. This value is about 20 above the

value expected from calculations.

The measured detection efficiency follows the theoretical calculations. Considering
that this is the first measurement of the TAXO SDDs efficiency, the results are
consistent with the expectations. The main origin of the rather large errors at
low energies is due to the unexpectedly large beam shape and fluctuations in the
beam rate. At higher energies, the uncertainty from the photodiode on the beam

rate dominates. The individual contributions to the uncertainty in the detection
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Figure 41: Rate uncertainties

The uncertainty from the SDD measurements is mostly relevant for lower energies
and is depicted in blue. The dominant uncertainty for most data points arises from
the beam determination with the photodiode, depicted in red.

efficiency can be seen in figure 41.

The efficiency obtained at 11 and 13keV lies significantly below the neighbouring
measurements. In the measurement at 11 keV, this is due to the pile-up of beam
photons being located at the same energy as the pulser peak. This leads to an
overestimation of the pulser counts with the current method, which is the reason
for the underestimation of the efficiency. The reason for the lowered efficiency at 13

keV beam energy could not be resolved.

4.4. Beam Harmonics

A notable beam characteristic visible in the energy spectrum but neglected in this
analysis is the contribution of harmonics to the beam intensity. This phenomenon
is a side effect of the monochromator’s working principle being based on Bragg-

reflection, as mentioned in chapter 3.1.2.

The photodiode only measures an integrated current over all incident photons. In
this case, the capability of the SDD to resolve the energy of the incident photons can
be exploited. In order to determine the harmonics contribution to the photodiode

current, the following steps were made.

The peaks associated with photons having three or four times the energy of the main

beam energy are identified, and a rate for those photons in the beam is calculated.
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Figure 42: Harmonic contribution
the harmonic contribution to the measured photodiode current from the monochro-
matic beam is depicted as blue dots. For reference, the value of the uncertainty at
each energy is shown as orange dots.

This is done similarly to the SDD rate determination described in chapter 4.2. This
rate is then corrected by taking the absorption probability of the SDD into account.
The reverse process described in chapter 4.1 is applied to calculate the diode current

contribution from the photon rate generated by harmonics.

The resulting maximum contribution is approximately 10~2 pA, two orders of mag-
nitude lower than the measured current (O (pA)). The contribution of harmonics
decreases with increasing beam energy as the absorption in the thin photodiode gets
very unlikely. The harmonic contribution to the beam current, compared to the size
of the respective uncertainty, is shown in figure 42. The harmonics in the beam
intensity were disregarded for this analysis due to the minimal magnitude of the

contribution.
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5 CONCLUSION AND OUTLOOK

5. Conclusion and Outlook

In this thesis, I measured the absolute X-ray detection efficiency of the TAXO SDD,
currently under development for the BabyIAXO experiment. This efficiency was
first experimentally determined for the TAXO SDD by this thesis while only being
theoretically determined before. The excelent detection efficiency is one of the most
important properties of a detector for being capable of measuring the X-ray photons

in an axion searching experiment.

The measurements were conducted at the hard X-ray branch of the Metrology beam-
line at the SOLEIL synchrotron. The detection efficiency was measured in an energy
range between 3 and 35keV beam energy. The absolute detection efficiency of the
SDD was found to be close to 100% for photon energies below 10keV. Above that
energy, the detection efficiency decreases, as expected from calculations. The near-
perfect detection efficiency for single-digit keV X-rays and the decreasing detection
efficiency at higher energy X-rays match the theoretical predictions. The measured
data points closely follow the theoretical curve, validating the expected efficiency

performance of the SDD.

During the stay at the SOLEIL synchrotron, we could not take any data at the low
X-ray branch of the Metrology beamline for energies between 0.3 keV and 2keV due
to electrical noise issues. The SDD detection efficiency below the measured 3 keV is
also relevant for IAXO, as most of the axion flux from axion-to-electron couplings is
in this range. It would be valuable to resolve this issue and take data in this energy
range to probe the SDD’s detection efficiency for the full range of solar axions. This
could be done with future measurements at the SOLEIL facility or at other X-ray

sources in the corresponding energy range.

The reference beam rate was determined via measurements with a photodiode and
corresponding theory-based correction factors. The precision of the final result would
be improved by using a better-known photodiode with a properly calibrated effi-

ciency curve to compare the TAXO SDD’s performance against.

Several beam-related effects may have introduced uncertainties to the result. In the
measurements, only a fraction of the synchrotron beam’s potential rate was utilized
to better resolve individual events in the SDD. The beamline setup, however, is opti-
mized for significantly higher beam rates. These effects could be removed by taking

data at another X-ray source or by increasing the data-taking time significantly.

Although there is potential to expand and improve further measurements, the result
of this work was the first experimental validation of the TAXO SDD’s excellent
detection efficiency. This brings the TAXO project closer to being incorporated into

the promising IAXO helioscope experiment.
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