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Introduction

1 Introduction
Inelastic scattering is a fundamental interaction process between photons and mat-
ter. In spectroscopy, this scattering process is utilized to analyze the structure of
material. Raman spectroscopy [1], for example, is used in the soft x-ray region to
analyze the structure of substances. At higher photon energies, Compton scattering
is more dominant. It is named after Arthur H. Compton, who published his ideas in
1923 [2, 3], for which he was awarded with the Nobel Prize in 1927 and describes
the inelastic scattering of a photon on a free electron. The Compton effect is widely
employed in Compton polarimetry to analyze the polarization of photons [4, 5]. To
investigate the polarization characteristic of the light emitted by astronomical ob-
jects, Compton polarimetry is used in astrophysical polarization measurements [6–8].
Bright sources, such as the crab, are favorable for these measurements, as many pho-
tons are necessary for the polarization analysis [9, 10]. In addition to astronomical
sources, experiments with various photon sources are also performed in the laboratory
to investigate the polarization characteristics of scattered photons. This can provide
a better understanding of the measured signals, which originate from a particularly
large distance. Due to technological difficulties, highly polarized photon sources were
not available for a long time. The effort to use radioactive sources in a safe working
environment with a high intensity of hard x-rays in a small solid angle is enormous.
Furthermore, the emitted radiation is not completely polarized. This can be circum-
vented with synchrotron radiation sources. They are able to provide a monoenergetic
and very intense hard x-ray beam with a high degree of linear polarization.
In this thesis, the polarization characteristics of photons being Compton scattered of
atomically bound electrons are investigated. Of particular interest is the behavior of
the polarization across the Compton peak, where the influence of the electron momen-
tum on the transferred energy varies. This influence becomes stronger for electrons
from lower shells with an increasing atomic number Z, since the momentum increase.
Additionally, the number of electrons with a high binding energy relative to the pho-
ton energy also increases. Therefore, a gold foil (Z = 79) was employed as a high-Z
scatterer. A common approximation for Compton scattering with bound electrons is
the impulse approximation [11, 12]. Here, the bound electrons are treated as free
electrons with a momentum distribution. This approximation is valid when the bind-
ing energy is much smaller than the energy of the recoil electron [13]. Thus, at the
tails of the Compton peak, the validity of the impulse approximation is weakened.
The linear polarization of inelastically scattered photons originating from an initially
highly linearly polarized hard x-ray beam was measured. In addition to a previous ex-
periment [14], the detection was also performed outside of the reference plane. Two
criteria are relevant for the choice of the initial photon energy. It should be larger
than the binding energies of the electrons in the gold target. For the electrons in the
K-shell, the binding energy is ≈ 80.7 keV [15]. In addition, the efficiency of the detec-
tor is a limiting factor. A relatively high efficiency can be reached with the detector
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Introduction

used in the experiment for energies up to 300 keV [16]. Considering these two crite-
ria, a photon energy of 175 keV was chosen. The experiment was conducted at the
DESY (Deutsches Elektronen-Synchrotron) facility in Hamburg, Germany. Here, the
third-generation synchrotron radiation source PETRA III (Positron-Electron-Tandem
Ring Accelerator) provided the photon beam. A lithium-drifted silicon strip detector
specially designed as a Compton polarimeter was used to measure the linear polar-
ization. The availability of a high intensity photon source in combination with the
polarimeter allows the analysis of the "polarization transfer".
The thesis is organized as follows: Section 2 contains the main physical concepts
relevant to this thesis. Fundamental photon-matter interaction processes as well as
polarization phenomena are explained. In section 3, the experiment is described. The
setup, including the synchrotron source and the used detectors, are introduced. A
detailed explanation of the analysis used is provided in section 4. This involves the
generation of spectra and the calculation of the polarization of the scattered and in-
cident beam. In section 5, the results are discussed. A summary of the thesis is given
in section 6. Section 7 concludes this thesis with an outlook on further experiments.
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Physical background

2 Physical background
The main physical concepts underlying this thesis are introduced in the following
section. In subsection 2.1 the different types of interactions between photons and
matter are explained and subsection 2.2 focus on the description of photon polariza-
tion. Finally, the concept of Compton polarimetry is discussed in subsection 2.3.

2.1 Interaction between photons and matter
In the x-ray regime, photon-matter interaction consists of several basic interaction
processes that are briefly discussed in the following. The most relevant process in this
thesis is the Compton scattering. Furthermore, the photoelectric effect and the elastic
scattering are relevant for the measurement and the data evaluation. Pair production,
which is also an important interaction process, is not discussed here, since this process
will not take place in the energy regime relevant for this thesis. Figure 2.1 shows the
cross sections of the particular processes as well as the total cross section in gold.
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Figure 2.1: Cross sections for photon-matter interactions of x-rays in gold. Data
are taken from [17].

2.1.1 Photoelectric effect

The photoelectric effect (or photoabsorption) was first explained in 1905 by Albert
Einstein [18]. It is an important interaction process, whereby the energy of a photon
ℏω is fully absorbed by an electron. Due to the conversation of momentum, this pro-
cess can only occur for initially bound electrons where the nucleus takes over some
of the momentum in form of a recoil. This increase in energy leads to an excitation
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2.1 Interaction between photons and matter

of the electron in a higher shell. Then the transferred energy is equal to the energy
difference between these two shells. When the gain of energy is larger than the dif-
ference to the highest shell and therefore larger than the (negative) binding energy
Eb, the electron is no longer bound and has a kinetic energy of Ekin = ℏω +Eb and
the atom is ionized [19].
In figure 2.1 the photoelectric cross section of gold is shown in green. As can be
seen, with increasing photon energy the cross section decreases. The decline is not
continuous, it is interrupted by resonant structures. These interruptions appear at
the binding energies of atomic shells and are referred to as absorption edges. Due to
the fact that the innermost shell (K-shell) has the highest binding energy, the edge
caused by this shell can be found as the last one from the high energy side at −EK .
The next lower absorption edge is consequently the L-edge from the L-shell at −EL.
The remaining edges follow this nomenclature. Photons whose energy is below a
certain binding energy cannot interact with electrons from the corresponding shell so
that the atom is ionized. Therefore the electrons from this shell do not contribute
to the cross section in this energy range. When the photon energy overcomes this
threshold, the cross section rises significantly and can be seen as an absorption edge.
The Born approximation is valid for energies above the K-edge and in the non-
relativistic regime, −EK < ℏω ≪ mec

2, and can be applied to calculate the photo-
electric cross section

σphoto = σT · 4
√

2 · α2 · Z5 ·
(
mec

2

ℏω

) 7
2

, (2.1)

with the fine structure constant α ≈ 1/137, the nuclear charge Z, the electron rest
energy mec

2 ≈ 511 keV and the Thomson cross section σT ≈ 0.665 b, see equation
(2.2) [19].
The photoelectric effect plays an important role in choosing the detector and shielding
material. Here, a high nuclear charge is favorable, as the Z5 scaling in equation (2.1)
indicates. Furthermore, this interaction process scales with the energy by (ℏω)− 7

2 . In
this work two types of detectors were used. A polarimeter with silicon (Z = 14) and
a detector with germanium (Z = 32) as active material (see 3.2.1 and 3.2.2). Lead
(Z = 82) was used for shielding.

2.1.2 Elastic scattering

The characteristic of elastic photon scattering is that the energy of the photon does
not change in the scattering process. In general, this is only applicable in the center-
of-mass frame. For scattering by an atom and in the regime of photon energies below
10 MeV, the difference between center-of-mass and laboratory frame is negligible [20].
Elastic scattering of photons from a free point charge is called Thomson scattering.
This process was first described by Joseph J. Thomson and is therefore named after
him [21]. The corresponding cross section reads

σT = 8
3π · r2

e (2.2)
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2.1 Interaction between photons and matter

with the classical electron radius re = e2/ (4πε0mec
2) ≈ 2.8 · 10−13 cm depend-

ing on the elementary charge e = 1.602 · 10−19 C and the electric constant
ε0 ≈ 8.85 · 10−12 C/(Vm) [19].
In comparison to Thomson scattering, the elastic scattering of photons by bound
electrons is referred to as Rayleigh scattering. It is named after John W. Strutt,
Lord Rayleigh III, who had worked on the scattering of light from air [22–24]. Since
the 1930s atomic Rayleigh scattering of x-rays was researched [25]. The process is
also called coherent scattering because all electrons of the atom interact coherently
with the photon. In this coherent scattering process, the direction of the photon is
changed and the atom is neither excited nor ionized [19].
Further elastic scattering processes are nuclear Thomson scattering, nuclear resonance
scattering and Delbrück scattering. Whereby in the first process the photon scatters
from an atomic nucleus and in the latter from a virtual electron-positron pair, which
is created in the Coulomb field of the nucleus. For photon energies up to ≈ 1 MeV
the dominant elastic scattering process is Rayleigh scattering [26]. The sum of all
elastic scattering cross sections is shown in blue in figure 2.1. As can be seen, the
cross section is strongly decreasing with rising photon energies.

2.1.3 Inelastic scattering

In contrast to elastic scattering, the energy of the photon changes in inelastic scatter-
ing. The process of scattering photons from free electrons at rest is called Compton
scattering and is named after Arthur H. Compton, who discovered this effect [2, 3].
For this discovery he received the Nobel Prize in Physics in 1927.
After scattering, the energy of the photon is

ℏω′ = ℏω
1 + ℏω

mec2 · (1 − cos(θ))
(2.3)

with the incident photon energy ℏω, the electron rest mass me, the speed of light c
and the angle θ (see figure 2.2) between the direction of the scattered and incident
photon [19]. This results in the kinetic energy for the recoil electron of

Ekin = ℏω − ℏω′. (2.4)

When the photon is backscattered, at θ = 180◦, the energy transfer is maximized
and reaches

Ekin,max = ℏω
2k

1 + 2k , (2.5)

with the energy expressed in units of mec
2

k = ℏω
mec2 . (2.6)

Equation (2.5) shows that for k < 1
2 and thus for ℏω < mec2

2 ≈ 255 keV the kinetic
energy of the electron is always smaller than the one of the scattered photon.
Figure 2.2 illustrates a Compton scattering process on a free electron at rest. The
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2.1 Interaction between photons and matter

reference plane is spanned by the x- and z-axis, in which the incident photon with
energy ℏω (blue) propagates in the direction of the z-axis. The propagation of the
scattered photon with energy ℏω′ (yellow) is shifted by the polar angle θ with respect
to the incident photon. Furthermore, the movement is in the scattering plane which
is tilted by the azimuthal angle φ to the reference plane. The scattered electron
propagates with the energy difference of the photon Ekin under the angle ψ with
respect to the propagation direction of the reference plane.

ψ

ℏω′

Scattering plane

Reference plane

y x

z

θ

φ

ℏω

Ekin

Figure 2.2: Schematic representation of the geometry of a photon undergoing
Compton scattering on a free electron. With the polar angle θ, the
azimuthal angle φ and the incident and scattered photon energy ℏω
and ℏω′, respectively. Ekin is the electron energy and ψ the angle be-
tween the propagation direction of the initial photon and the scattered
electron in the scattering plane. A thorough description is provided in
the text. Adapted from [27].

In 1929, Oskar Klein and Yoshio Nishina calculated the differential cross section for
Compton scattering in the framework of QED (Quantum Electrodynamics) [28]. The
determination depends on the electron spin as well as the initial and final photon
polarization. For the calculation of the double-differential cross section, the following
conditions are required. Both the final electron spin and the photon polarization are
not observed. In addition, the electrons are initially unpolarized on average and the
incident photons are linearly polarized in the reference plane. The double-differential
Klein-Nishina cross section then reads

(
dσ
dΩ

)
= r2

e

2 ·
(
ℏω′

ℏω

)2

·
(
ℏω′

ℏω
+ ℏω

ℏω′ − 2 sin2(θ) cos2(φ)
)
. (2.7)
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2.1 Interaction between photons and matter

This cross section depends on the azimuthal angle φ, the polar angle θ, as well as the
energy of the incident and scattered photon, ℏω and ℏω′, respectively. In the case
of unpolarized photons, the cross section only depends on θ, because the integration
over φ in equation (2.7) leads to ⟨cos2(φ)⟩ → 1

2 . The polarization of the scattered
photons and the scattering of partially polarized photon beams are not described by
the Klein-Nishina formula (2.7). As these two scenarios are present in this thesis, the
equation needs to be extended to include them, see subsection 2.2 regarding this.
When considering elastic scattering of photons by atomically bound electrons, the
concept of the Compton effect needs to be extended. In this case, the energy of the
recoil electron, given by equation (2.4), needs to overcome the binding energy for the
electron to contribute to Compton scattering. As a result, the number of electrons
per atom contributing to the total Compton cross section can differ for various angles
θ and a constant initial photon energy [29]. Bound electrons have a momentum and
therefore cause a Doppler broadening of the Compton peak.
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Figure 2.3: Differential cross section of Compton scattering for the individual shells
of a gold atom with respect to the detected data (black). The sum of
the contributions from all shells (red) is fitted to measured data. The
detection was performed under the scattering angles θ = 63.3◦ and
φ = 0◦.

In figure 2.3, the influence of the individual shells on the broadening is displayed.
The calculations, including the assumptions, are based on [30]. Due to the large
ionization energy of the K-shell electrons, the contribution is limited to below the
difference between the initial beam energy and the ionization energy. In contrast to
this, the outermost shell contributes only in a narrow region around the center of the
Compton peak, since the maximum electron momentum decreases for higher shells.
The peak structure for the more inwards shells becomes broader with increasing elec-
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2.2 Polarization

tron momentum. Therefore, the dominant fraction at the edges of the Compton peak
originates from lower shells, as can be seen in figure 2.3. Consequently, from Compton
events with a high momentum transfer. By the width of the momentum distribution
of all atomically bound electrons of the target, the broadening of the peak is defined
[31]. Thus, equation (2.3) is no longer completely valid for a given polar scattering
angle θ. This effect decreases for high Z materials, since more weakly bound elec-
trons are available for scattering. Due to these difficulties, Compton scattering from
weakly bound electrons can be described more simply.
First applied by DuMond in 1929 [32], in the impulse approximation, the weakly
bound electrons are treated like free electrons with a momentum distribution. This
distribution results from a bound electron wave function [29]. It leads to a broadening
of the Compton peak. Due to the various velocity differences between the photons
and the electrons, the Doppler effect occurs and causes this phenomenon [33]. The
assumption to treat the bound electrons as free is based on the expectation that
the interaction is so short that the other electrons will not react before the end of
the scattering process. Consequently, the potential seen by the electron before and
shortly after the interaction is the same and can be neglected. The irrelevance of the
potential is equivalent to the assumption that the photon scatters at an individual
free electron, which has a finite momentum greater zero [34]. For the case that the
binding energy is much smaller than the recoil energy of the electron, the impulse
approximation is valid. The closer the ratio between these two energies is to unity,
the greater the influence of the binding and the worse this approximation becomes
[13]. In the peak region a good agreement could be found to experimental data
[13, 32, 33]. For a relativistic treatment see [35].
Another, more complex and relativistic approach is the independent particle approxi-
mation. For further explanations see [36, 37].

2.2 Polarization
A fundamental property of light is polarization. In this subsection, the main con-
cepts of polarization of x-rays are introduced, including the formalism of the Stokes
parameters. Additionally, polarized Compton scattering is discussed.

2.2.1 Polarization of photons

The electromagnetic wave is defined by an electric and a magnetic field, which oscillate
perpendicular to each other and transverse to the propagation direction of the wave.
For a characterization of the photons often either the description of the electric or
of the magnetic field is sufficient. By convention the electric field is used [38]. The
behavior of the oscillation of the electric field vector defines the polarization of the
photon. In general, the projection of this vector perpendicular to the direction of
motion of the photon forms an ellipse, the so called polarization ellipse as shown in
figure 2.4. This polarization type is referred to as elliptical polarization [39].
Nonetheless, there are two important special cases, which are displayed in figure 2.5.
If the orientation of the electric field oscillation is constant over time, the photon is
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2.2 Polarization

x

y

χb

a

Figure 2.4: Schematic illustration of the polarization ellipse. The orientation is given
by χ and the semi-major- and the semi-minor-axis are denoted by a and
b, respectively. The electromagnetic wave propagates along the z-axis.
Adapted from [40].

linearly polarized. To put it differently, one of the semi-axis vanishes and the projection
of the electric field results in a straight line, see figure 2.5 (a). In the second case, the
semi-major- and the semi-minor-axis (which correspond to a and b in figure 2.4) are
equal and the projection forms a circle. The electric field is not constant over time
and instead rotates. In contrast to elliptical polarization, the amplitude in this case
remains constant over time. This is called circular polarization, see figure 2.5 (b).
A distinction can be made between right-handed (R) and left-handed (L) circularly
polarized photons [41].

Another suitable way to describe the polarization is the use of the Stokes parameters
[42]. Especially for the transfer of the formalism from a single photon to a photon
beam. If the electric field vectors of all photons are directed in the same direction,
the beam is completely polarized. The beam is partially polarized when only a certain
proportion of the photons oscillate in the same direction. The Stokes parameters are
not restricted to the case of no, partial or complete polarization [38]. Therefore, they
are well suited for the analysis in this thesis.
The relation between the polarization and the intensity of the photon beam can be
used to calculate the Stokes parameters [39]. For a photon beam, the total Stokes

Master Thesis 9



2.2 Polarization

(a) (b)

Figure 2.5: Schematic representation of polarization states of a single photon. In
red is the trajectory of the electric field vector of (a) a linearly polarized
and (b) a circularly polarized photon shown. The trajectory in the plane
perpendicular to the propagation direction (gray) is displayed in black.
Adapted from [39].

parameters are defined as [39]

S0 := I0◦ + I90◦ ,

S1 := I0◦ − I90◦ ,

S2 := I45◦ − I135◦ ,

S3 := IR − IL. (2.8)

S0 denotes the total intensity. The circular polarization is given by S3 with the inten-
sity difference between right- and left-handed circular polarized photons. Distinctions
in the intensity between orthogonal polarization states are expressed by the Stokes
parameters S1 and S2, which represent linear polarization. Thereby the intensity Iχ

corresponds to the beam transmitted through a polarization filter which is tilted by
the angle χ to the orientation of the electric field vector. Beyond the optical regime,
conventional polarization filtering techniques are not applicable anymore. Thus, in-
direct polarimetry measurements are necessary as for example Compton polarimetry,
see subsection 2.3.
Alternately, instead of the total Stokes parameters Sn, the normalized Stokes param-
eters Pn can be used [41], which are defined as

Pn = Sn

S0
, n = 0, 1, 2, 3. (2.9)

10 Master Thesis



2.2 Polarization

Nevertheless, both sets are called Stokes parameters and can be written in vectorial
form as

S =


S0
S1
S2
S3

 , P =


1
P1
P2
P3

 . (2.10)

This matrix representation enables some special cases to be easily identified. An
unpolarized photon beam is expressed as P1 = P2 = P3 = 0. For a fully linearly
polarized beam in the direction tilted by the angle χ along the direction of move-
ment, follows P1 = cos(2χ), P2 = sin(2χ), P3 = 0. A completely circular polarized
beam is given by P1 =, P2 = 0, P3 = ±1, with "+" for right-handed and "−" for
left-handed [43].
As discussed earlier, a photon beam can be in a state between unpolarized and com-
pletely polarized. To quantify the polarization, one can use the degree of polarization,
defined as [41]

P =
√
P 2

1 + P 2
2 + P 2

3 ≤ 1. (2.11)

Equation (2.11) can be specified for beams without circularly polarized photons, so
that P3 = 0. This results in the degree of linear polarization

PL =
√
P 2

1 + P 2
2 . (2.12)

From this, the Stokes parameter P1 and P2 can be calculated as

P1 = PL · cos(2χ), P2 = PL · sin(2χ). (2.13)

The orientation χ of the polarization ellipse, see figure 2.4, follows from equation
(2.13) as

χ = 1
2 · arctan

(
P2

P1

)
. (2.14)

2.2.2 Transfer matrix formalism

As above mentioned, the Stokes parameters are well suited to characterize the scat-
tering of photon beams. Therefore, let the total Stokes vector of the incident photon
be S. Of the scattered photon, the Stokes vector is denoted as S′. As the definitions
given in equations (2.8) show, the Stokes parameters depend on the orientation χ of
the polarization and thus on the coordinate system. Due to this fact, a coordinate
system for both the incident and the scattered photon is required. Before scattering
the coordinate system is given by the x-, y- and z-axis and after by x′-, y′- and
z′-axis, they are illustrated in figure 2.6. The coordinate system of the initial photon
is chosen as the laboratory system. Here, the z- and z′-axis, which correspond to the
direction of motion of the initial photons are equal.
As can be seen in figure 2.6, the scattering plane can be tilted to the reference plane
by the angle φ along the z-axis. This rotation can be linearly transformed to the
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χ′

Scattering plane

Reference plane

y x

z

θ

φ

χ

y′ x′

Figure 2.6: Schematic representation of a scattering process of linearly polarized
photons. θ is the polar and φ the azimuthal angle which characterize
the propagation direction of the scattered photon. The orientation of
the linear polarization is given by χ and χ′ for the incident (blue) and
the scattered (yellow) photon, respectively. Adapted from [27].

laboratory system with the rotation matrix [44]

M̂(φ) =


1 0 0 0
0 cos(2φ) sin(2φ) 0
0 − sin(2φ) cos(2φ) 0
0 0 0 1

 . (2.15)

The scattering process is described in form of the differential cross section in the
transfer matrix T̂ . This matrix depends on the incident photon, the scattering target,
and the polar angle θ, but not on the second scattering angle, the azimuthal angle
φ [44].
For the relation between S and S′ follows

S′ = T̂ (θ) · M̂(φ) · S, (2.16)

by combining the coordination transformation under M̂(φ) and the physical descrip-
tion of the scattering process with T̂ (θ). From equation (2.16), the differential cross
section of the scattering process results in [43]

dσ
dΩ(θ, φ) = S ′

0
S0

= (1, 0, 0, 0) · T̂ (θ) · M̂(φ) · P . (2.17)
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2.3 Compton polarimetry

2.2.3 Compton scattering with polarized photons

The physical characterization of the Compton scattering in equation (2.16) is given
by T̂ . This matrix formalism is discussed in detail in [44]. In this thesis, the coordinate
systems are chosen somewhat differently than in the paper, so that not all entries are
the same. An equivalent choice of the coordinate systems can be found in [45]. For
the coordinate systems used in this thesis, the according transfer matrix reads

T̂ = r2
e

2 ·
(
k′

k

)2

×


1 + cos2(θ) + (k − k′) (1 − cos(θ)) − sin2(θ) 0 T03

− sin2(θ) 1 + cos2(θ) 0 T13
0 0 2 cos(θ) T23
T30 T31 T32 T33

 . (2.18)

This is the matrix representation of the Klein-Nishina formula. It is based on the
assumption that the photon scatters from a free electron. Additionally, only the
simplified case of Compton scattering, in which the spin of the final electron is not
observed, is considered in equation (2.18). To improve readability, the last row and
column in the matrix are not explicitly given. The terms of the last column correspond
to the incident photon and those of the last row to the scattered photon and their
circular polarization component. Besides T33, all vanish on average for non-spin-
polarized targets, due to the fact that they are proportional to the electron spin. In
this thesis this is especially the case. The detector used, a polarimeter, is not sensitive
to circular polarization. Furthermore, it can be assumed that circular polarization
is negligible in the experiment discussed in this thesis. This allows neglecting the
complete last row, including T33. From this an effective 3 × 3 matrix results. Only
this upper submatrix is used for calculation. Accordingly, the Stokes vectors P and
S are then dealt with as three-component vectors.

2.3 Compton polarimetry
To analyze the scattering process, it is of interest to determine the "polarization trans-
fer" of the scattered photon, when the polarization of the incident photon is known.
The polarization can reveal the anisotropic behavior of Compton scattering.
In the low energy x-ray regime between ≈ 1 keV and few tens of keV, different types
of polarimeters have been developed. They are based, for example, on Bragg re-
flection, photoabsorption and Thomson scattering [46–48]. Above several hundreds
of MeV, electron-positron pair production is used to measure polarization [49]. In
the intermediate energy range from ≈ 50 keV to several MeV, Compton scattering is
usually employed, due to the sensitivity of the atimuthal scattering distribution of the
Compton process.
A demonstration of this sensitivity is visualized with a scattering distribution in figure
2.7. Here, the dependency of the differential cross section on the azimuthal angle is
shown. The orientation of the φ-distribution is given by the direction of the electric
field vector E⃗ of the incident photons.
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Figure 2.7: Differential cross section for Compton scattering of x-rays. Example
φ-distribution of initially linearly polarized photons with the orientation
of the polarization given by the electric field vector E⃗ (red).

Since the 1950s, Compton scattering polarimetry has been discussed [50]. Most of
these detectors are only able to analyze linear polarization, as well as the detector used
in this thesis. Nonetheless, it is possible to investigate circular polarization through
scattering by spin-aligned electrons from a ferromagnetic scatterer [51].
Existing Compton polarimeters differ in various detector combinations, technical con-
structions, energy resolutions, sensitivities, efficiencies, and detector materials [53].
Figure 2.8 illustrate a basic method consisting of at least two x-ray detectors, one
acting as a scatterer and the other(s) as an absorber. This is similar to the setup
first discussed, used in [50]. In the first detector, photons Compton scatter from elec-
trons and then exit the crystal. The latter detectors are positioned to detect these
scattered photons at a specific azimuthal angle φ and a given polar angle θ. This
setup is used to measure the intensity distribution of Compton scattering for various
azimuthal scattering angles. As shown by equations (2.7), (2.17) and (2.18), this
distribution strongly depends on the polarization. In particular, perpendicular to the
polarization direction of the incident beam, the differential cross section reaches its
maximum, such as illustrated in figure 2.7. Thus, the intensity distribution of the
scattered photons reveals the polarization of the incident beam. At least two detec-
tion positions are necessary to obtain P1 (φ = 90◦ and φ = 0◦) and P2 (φ = 135◦

and φ = 45◦). Therefore, the degree of linear polarization can be determined by
measuring the angular distribution of the scattered photon intensities.
The polarization of a single photon cannot be measured with a Compton polarimeter,
because the reconstruction of the probability distribution results in the observed emis-
sion pattern. As a result, only the information about the average polarization state of
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Scatterer
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Figure 2.8: Schematic representation of a basic polarimeter setup. The incident
photon scatters in the first detector, the scatterer, and is then absorbed
in the second detector, the absorber. The latter detector can be moved
with the azimuthal angle φ at a fixed polar angle. Adapted from [52].

a large number of photons can be extracted. This is in contrast to polarization filters
in the optical regime, where the polarization of a single photon can be identified [54].
The difference in intensity between orthogonal and parallel scattered photons of an
initially completely linearly polarized photon beam defines the modulation [53]

M(φ) = Iφ+90◦ − Iφ

Iφ+90◦ + Iφ

. (2.19)

Iφ corresponds to the intensity of the photons scattered at the azimuthal angle φ
relative to the orientation of the electric field vector. M is proportional to the polar-
ization and minimized when φ is perpendicular to the direction of the polarization,
and maximized parallel to it. Note that the azimuthal asymmetry of the Klein-Nishina
distribution, equation (2.7), depends also on the polar scattering angle θ. Thus, the
scattering angle should be chosen so that the modulation is maximal. For the energy
of about 175 keV used in this thesis, this would be the case for a polar scattering
angle of θ ≈ 90◦ [55].
The dependence of the differential cross section on the polar scattering angle θ is
shown in figure 2.9. In (a) the differential cross section is displayed for three energies
at a fixed azimuthal angle of φ = 0◦. As can be seen, the minima for all energies
are at θ ≈ 90◦ and the angular scattering distribution maximizes at forward angles.
This is also the case for different azimuthal angles, which are illustrated in (b) at an
energy of 175 keV. The minimum of the differential cross section is less pronounced
at higher azimuthal angles and is almost absent at φ = 45◦.
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Figure 2.9: Differential cross sections of Compton scattering of completely linearly
polarized photons on gold. In (a) calculated for three different energies
at φ = 0◦ and in (b) for three azimuthal angles at 175 keV.

To obtain a φ-distribution as shown in figure 2.7, in the discussed setup, the absorber
detector needs to be positioned at several azimuthal angles. Besides this, there are
some other disadvantages of this setup. The scatterer needs to be particularly small
so that the probability of the photon leaving the detector after Compton scattering
is high. If the two detectors are too close, the uncertainty of the angular position
increases and become more significant. Additionally, the efficiency is particularly low,
because the photons scatter in all azimuthal angles and the detector covers only a
small fraction. Due to this, the setup requires a lot of space at experiments and a lot
of time to accumulate data for the several detector positions [52].
Some of the disadvantages can be eliminated or decreased by using a different setup.
By combining the scatterer and absorber, a higher efficiency can be achieved. This
means that the photon scatters and gets absorbed in the same detector. In order not
to lose the angular resolution it is necessary that the detector consists of individual
pixels. Each pixel can be used as the scatterer as well as the absorber. Figure 2.10
demonstrates such a detector setup, which enables to detect the entire φ-distribution
at a certain spatial position. The much smaller distance between the pixels is not
leading to a large angular uncertainty compared to the basic setup, since the size of
these is much smaller.
Furthermore, for initial photon energies less than half the electron rest energy, a clear
distinction between the energy of the photon and that of the electron is possible, see
equation (2.5). The distribution of the initial photon energy between the scattered
photon and the recoil electron depending on the scattering angle is displayed in 2.11.
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Figure 2.10: Schematic representation of a pixel detector polarimeter. The
azimuthal angle φ can be obtained from the position of the two in-
volved pixels. Every pixel can act as a scatterer and absorber. Adapted
from [54].

The disadvantage of this structure is the large set of readout electronics. Since each
pixel acts as a detector, a separate readout chain is required. This is especially true
for thick crystals and high segmentation. Another and unconventional approach to
reduce the amount of electronics is to replace the pixel structure with two layers of
strips that are orthogonal to each other. A schematic representation is illustrated in
figure 2.12. From this, the number of readout electronics is given by the sum of the
vertical and horizontal strips instead of the product in the case of a pixel detector.
The two layers of strips are positioned at the front and back side of the crystal. At the
measurement of a signal, one strip from the front and one from the back will detect
this signal. With the help of these two strips, the vertical and horizontal positions can
be determined. Combined, they result in a quasi-pixel at the position of detection. As
can be seen in figure 2.12, two simultaneously measured signals can be distinguished,
if they have different energies. This enables the detection of the Compton scattered
photon and electron, providing the basis of a Compton polarimeter.
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Figure 2.12: Schematic representation of a segmented polarimeter and the position
determination of two measured signals. The detection of a Compton
event between two strip layers with orthogonal orientation to each other
is shown in (a). In (b) the energy condition results in the determination
of the quasi-pixel positions. Adapted from [56].
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Experiment

3 Experiment
The experiment is discussed in detail in this section. Thereby, a gold target was
positioned in a synchrotron beam to investigate the resulting scattering processes.
In subsection 3.1, the x-ray source is described. The detectors used are explained in
subsection 3.2 and the setup of the experiment in subsection 3.3. An overview of the
individual measurements is given in subsection 3.4.

3.1 Synchrotron radiation source
Charged particles can be accelerated through an electric field. A linear accelerator is
conceptually the simplest type of accelerator to realize. In this design, the particles
can be accelerated only once when they pass the accelerator section. Another ap-
proach is to bend the trajectory of the charged particles into a circle. This can be
done with magnets. The particles are accelerated in some of the straight sections.
If the trajectory is closed and circular, such an accelerator is called a synchrotron
[57]. In contrast to a linear accelerator, the particles can be accelerated many times.
Therefore, only a few accelerator sections are needed. The particles lose energy during
their passage through the magnets by emitting photons. This effect can be exploited
as a light source, which is then referred to as a synchrotron radiation source. Here,
the synchrotron acts as a storage ring. The charged particles orbit at a mean constant
velocity. In the accelerator sections, the energy losses get compensated [57].
Originally, particle accelerators were exploited as the first generation of synchrotron
radiation sources. Storage rings specifically designed as a radiation source are referred
to as second generation. Technically more developed sources can be considered as
the third generation of synchrotrons.
A periodically alternating magnetic field pattern, displayed in figure 3.1, serves as a
dedicated photon source. Due to the magnetic field, the charged particles oscillate
on a sinusoidal trajectory, resulting in the emission of radiation. By the undulator
period λu, see figure 3.1, the period of the magnetic structure is given. The relation
between the synchrotron radiation wavelength λ and undulator period is given by the
undulator equation [58]

λ(θ) = λu

2γ2

(
1 + K2

2 + γ2θ2
)
. (3.1)

The wavelength of the synchrotron radiation depends on the Lorentz factor γ, the
emission angle θ with respect to the direction of the particle beam and the dimen-
sionless undulator parameter K. It is defined as [58]

K = eBλu

2πmec
, (3.2)

where e is the elementary charge, me the electron mass, c the speed of light and B the
magnetic field. The undulator parameter characterizes the strength of the deflection
of the particles. To adjust this parameter, the magnetic field can be changed. In
the case of permanent magnets, this is done through changing the distance between
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3.1 Synchrotron radiation source

the magnets. The generated radiation is emitted forward in a cone with a maximum
opening angle of

θmax ≈ K

γ
(3.3)

for a reduced velocity of β ≈ 1 [58]. For K ≫ 1 the cone is large and the emission
spectrum is quasi-continuous. The setup is referred to as a wiggler [58], see figure 3.1
(a). In the case of K ≤ 1, the cone is particularly narrow. Due to this fact, photons
in most sections of the cone overlap and interfere with each other. This results in
an almost monochromatic spectrum [58], which is an important characteristic of a so
called undulator, see figure 3.1 (b).

SS

N N

(a) (b)

λu

Figure 3.1: Schematic representation of (a) a wiggler and (b) an undulator. The
magnetic poles are indicated in white (north) and gray (south). The
trajectory of the charged particles is shown in black. The emitted pho-
tons are represented as the red cones and the total beam as the yellow
cone. Adapted from [59, 60].

The experiment presented in this thesis was performed at the third generation syn-
chrotron radiation source PETRA III [61], which is located at the large-scale research
facility DESY, a research center of the Helmholtz Association in Hamburg, Germany
[62]. At DESY the scientific focus is mainly on particle physic, accelerators, and
photon science [62]. The latter two are related to the here discussed experiment.
The properties and parameters of PETRA III given in the following paragraph are
taken from the DESY website [61]. PETRA III is a particle storage ring, designed to
accelerate electrons for the production of x-rays. It operates at an electron energy of
6 GeV. The circumference of the storage ring is 2304 m. Three experimental halls,
"Max von Laue", "Paul P. Ewald" and "Ada Yonath", offer at 26 beamlines the oppor-
tunity for several experiments at the same time. With a length of 300 m is the "Max
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von Laue" hall the largest, including 15 beamlines and more than 30 experimental
stations, which are open for user proposals. Further explanations and parameters can
be found in [63].

Figure 3.2: Schematic representation of the beamline P07. The abbreviations are
OH (Optics Hutch), EH (Experimental Hutch) and EC (Experimental
Control cabin). Graphic from [64].

The experiment described in this thesis was performed at the High Energy Materials
Science Beamline P07 [65] in the "Max von Laue" hall at PETRA III. From the
datasheet on the DESY website [66], the subsequent information is extracted. This
beamline was operated by the Helmholtz Center Geesthacht and DESY. It provides a
tuneable energy from 30 keV to 200 keV of linearly polarized photons. The source of
the x-rays is an undulator with λu = 21.2 mm and 188 periods.
A schematic representation of the P07, including the different experimental hutches,
is presented in figure 3.2. In OH1 a double crystal monochromator enables to tune
the photon energy and in OH2 the focusing optics are positioned [67]. After the
monochromator, a beamline spectral resolution of 5 eV to 250 eV at an energy of
80 keV can be expected [66]. The experiment was performed in EH3 with a beam
energy of 175 keV and a diameter of 1 mm2.

3.2 Semiconductor detectors
Two different semiconductor detectors were used to measure the photons in the dis-
cussed experiment. The basic principal of a semiconductor detector can be considered
as an ionization chamber in a solid. When a photon hits the crystal, it creates a cloud
of positively and negatively charged charge carriers. In the conduction band of the
semiconductor, these charge carriers can propagate freely to the corresponding con-
tacts. The advantage of semiconductor detectors is a high efficiency due to a large
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density of free electrons. In addition, semiconductor detectors provide a high resolu-
tion, as the charge carriers can propagate with a particularly low loss rate inside the
crystal, which are then detected at the contacts. In subsections 3.2.1 and 3.2.2 the
detectors are presented in detail. The following is a general explanation of semicon-
ductor detectors.
A crystal with electric contacts on both sides acts as the detection part of the detec-
tor. The most commonly used crystal materials are silicon and germanium. These
two elements have four valence electrons. The conduction property of the crystal can
be modified by introducing impurities in a controlled manner. Then the crystal is
doped. This is done on both sides of the detector crystal. On one side with atoms
that have fewer valence electrons than the crystal material. In the case of silicon and
germanium, these are atoms with three valence electrons. They are called acceptors
or p-dopants. On the other side atoms with more valence electrons. For silicon and
germanium, atoms with five valence electrons are chosen. These atoms are referred
to as donors or n-dopants [68]. An acceptor leads to a defect, also called a hole, in the
structure, because it has one valence electron less than the crystal material. This hole
can be seen as a positive charge carrier. In contrast to this, a donor has one valence
electron more, which can move almost freely inside the crystal. The spatially different
concentration of the n- and p-dopants leads to a charge distribution. This is increased
by the recombining of the donor electron and the acceptor holes in the border region
of these two parts. In this so called depletion zone, no free charge carriers are left [19].
The initially neutral regions are charged, after recombination of electrons and holes.
Extra holes in the n-region cause a positive charge and the additional electrons in the
p-region cause a negative charge, respectively. By this, an electric field is generated
with a gradient between the n- and p-region [19]. Nevertheless, the complete crystal
is still electrically neutral, due to the fact that the doped atoms are neutral [68]. The
depletion region can be increased by applying an external reversed bias voltage. Here
the positive pole is at the n-region and the negative at the p-region. Through this
voltage, the free charge carriers drift to their related poles. By the depletion zone,
the active area of the detector is defined [68]. Typically applied external voltages to
maximize the depletion zone are in the order of kV.
The energy of a photon E is absorbed in the depletion area, resulting in local electron-
hole pairs. This cloud has a total negative charge ∆q, which is proportional to E.
These free charge carriers drift to their opposite poles of the detector. By this move-
ment, a change of the voltage ∆U is induced

∆U = ∆q
C
, (3.4)

where C is the capacity of the detector, which depends on the geometry [19]. For
semiconductor detectors a planar geometry is common. Here, the contacts are po-
sitioned parallel to each other on the crystal. The capacity of a planar detector
is

C = ϵr · ϵ0 · A
d
, (3.5)

where d is the width, A the area of the depletion area, ϵr the dielectric constant and
ϵ0 the vacuum permittivity [19]. To achieve a good signal-to-noise ratio, ∆U should
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be maximized and thus C should be minimized. A larger capacity can be realized by a
maximization of d, which is technically limited and can be realized though a different
geometry. For larger thicknesses, a coaxial crystal can be realized. It has a cylindrical
shape where one contact is on the outer surface and the other on the inner surface
of the cylinder. In addition, A needs to be chosen so that the capacity is minimized
and the efficiency is not too low due to the reduced active area.
Thermal excitation can lead to spontaneous creation of electron-hole pairs, leading
to a decrease in energy resolution and an increased noise. This effect is not negligible
at room temperature but can be diminished by cooling down the detector crystal
[68]. Liquid nitrogen is a commonly used choice for cooling. Besides the crystal, the
connected electronic readout system can be a source of noise. Here the preamplifier,
which is directly connected to the crystal, is most critical. Additional cooling of these
components can improve the resolution [43].

3.2.1 Ge-detector

For the experiment described in this thesis, a commercial high purity germanium
(HPGe) detector from ORTEC was used to gain high energy resolution spectra. The
model number is GEM-SP5020P4-B. A coaxial crystal geometry is used in this detec-
tor. The crystal has an active diameter of 49.7 mm and a depth of 21.1 mm. For the
coaxial shape, a hole with a diameter of 5.2 mm and a depth of 3 mm is positioned in
the center of the backside. As previously discussed, to improve the energy resolution,
the crystal and the preamplifier are cooled down. The liquid nitrogen for cooling was
provided by a connected dewar. Due to the cooling, the detector crystal and the
preamplifiers need to be in a vacuum. This is shielded by a 0.5 mm thick beryllium
window from the ambient air. An energy resolution of 293 eV at 5.9 keV and 526 eV
at 122 keV can be achieved with the detector. This resolution is defined by the Full
Width at Half Maximum (FWHM). The parameters given in this paragraph are taken
from [69].

3.2.2 Si(Li) detector

A segmented semiconductor detector was used for the polarization measurement.
In figure 3.3 (a) is a picture of the detector illustrated. The detector crystal is
made of lithium-driven silicon (Si(Li)). It was developed and manufactured at the
Forschungszentrum Jülich and the Semicon Detector GmbH within SPARC (Stored
Particle Atomic Research Collaboration) [70].
The raw material of the crystal is p-doped silicon. Boron is implanted on one side
of the crystal, resulting in a few µm thick p+-contact layer. On the opposite side,
lithium is diffused into the crystal, acting as a donor. Therefore, it compensates
the holes of the p-type doping. As in the case of the implanted boron, the lithium
creates a few µm thick n-doped layer. Correspondingly, the structure of a p-i-n diode
is obtained. The silicon serves as the intrinsic layer of the diode. In order to achieve
the segmented structure, photolithography was used on both sides. Each of the
surfaces is segmented into 32 strips. The strips from both sides are orthogonal to
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Figure 3.3: (a) Photograph of the Si(Li) detector [71]. (b) Schematic representation
of the strip geometry. Adapted from [72].

each other, which results in a quasi-pixel structure. With a strip width of 1 mm, the
active area is 32 mm × 32 mm. Two neighboring strips are electrically isolated by a
gap (groove). This structure yield a grid with 1024 quasi-pixels with a size of 1 mm2

each. A schematic representation of the strip structure is shown in figure 3.3 (b).
The segmented structure is positioned in the center of the crystal, which has a total
width and height of 46 mm.
Each strip is individually connected to the electronics and can therefore be read out
independently. A detailed overview of the readout electronics follows in subsection
3.3.2. Especially, the preamplifiers are connected directly to the strips. They are in the
vacuum together with the crystal. Via a thermal connection with the liquid nitrogen
dewar, they are cooled collectively. A 0.3 mm thin beryllium window separates the
vacuum from the environment. Including the dewar, the complete detector has a size
of 76 cm × 43 cm × 44 cm. All parameters and data from the last two paragraphs can
be found in [73].
For an individual strip, an energy resolution of 0.8 keV to 1.2 keV FWHM at a photon
energy of 60 keV is achievable [72]. Furthermore, a time resolution of ≈ 50 ns can be
reached. This enables via coincidence conditions the suppression of the background
[72]. Further details can be found in [40, 56, 72].

3.3 Experimental setup

For the description of the experiment, especially the geometry and the data acquisition
are of great importance. Subsection 3.3.1 shows the geometry and explains the
individual components as well as their arrangement. The data acquisition of the two
detectors is described in subsection 3.3.2.
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3.3.1 Geometry of the experiment

In this subsection, the geometry of the experiment is discussed. The experiment
was conducted in EH3 of beamline P07 of the PETRA III synchrotron ring. The
preparation of the beam until the experimental hutch is described in subsection 3.1.
A schematic representation of the experiment is illustrated in figure 3.5.
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Figure 3.4: Schematic representation of the definitions of the scattering angles. The
solid lines correspond to the propagation direction of a photon. θ and φ
are utilized for the analysis and θ̃ and φ̃ were used for the construction
of the target chamber.

Before the description of the complete setup, the different angles by which the detector
positions can be described, are discussed. The scattering angles defined in figure 2.6
are utilized for the analysis in section 4. A different set of angles was used for the
design of the target camber. These angles are denoted by the tilde symbol below.
For clarity, the definitions of the scattering angles are shown in figure 3.4. θ and φ
correspond to the polar and azimuthal angles in spherical coordinates. Whereas θ̃
and φ̃ are characterized by the projection of the scattered photon onto the reference
plane.
In subsection 4.2, the determination of θ is described. For the experiment, a target
chamber was designed with viewports for various detection points. These positions
were set in the design by θ̃ and φ̃. For all positions θ̃ was measured at the target
chamber after the construction. This was also done for φ̃ for the detection positions
outside the reference plane. Other than that, φ̃ is zero. The relation between the
different scattering angles is determined as

cos(θ̃) = cos(θ)
cos(φ̃) (3.6)
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and
cos(φ) = sin(θ̃) · cos(φ̃)√

(sin(φ̃))2 + (sin(θ̃) · cos(φ̃))2
. (3.7)

If the denominator is zero in equation (3.6), then the scattering is along the y-axis.
For equation (3.7), the scattering occurs in the reference plane.

Reference plane

Gold target

Synchrotron
beam

Beam
dump

Lead
Collimator

θ

HPGe

Si(Li)

Figure 3.5: Schematic representation of the experimental setup. To shield the de-
tector from radiation scattered at the collimator, lead shielding was
installed. The collimated beam entered an evacuated target chamber
which is not displayed for clarity. A HPGe detector was positioned in the
reference plane and a Si(Li) detector in as well as out of the reference
plane under different scattering angles. Adapted from [27].

In figure 3.5 the setup of the experiment is presented. The photons enter from the left
with a linear polarization that is orientated in the reference plane. First, the PETRA III
beam passes through a collimator, followed by lead shielding around the beam path.
To suppress the unwanted scattered photons from the collimator, the shielding is
necessary. The collimated beam enters the target chamber. It is a vertical cylinder
with a diameter of 450 mm and a height of 380 mm. In figure 3.5, the chamber is not
displayed for better clarity. During the experiment, the target chamber was evacuated
to a pressure between ≈ 4 · 10−6 mbar and ≈ 6 · 10−6 mbar. If the experiment were
realized at normal pressure, the scattering of photons at particles from the ambient air
would dramatically disturb the measurement. To minimize this effect, several meter
long beam-tubes were mounted on the target chamber. They are positioned in front
of and behind it in the beam line. Both tubes as well as all other flanges on the
target chamber were equipped with 50µm thick stainless steel windows. The two
detectors were mounted as close as possible to the various viewports and thus outside
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Table 3.1: Overview of the measurement positions of the two detectors. Here the
position is indicated by the Scattering angles. θ and φ as well as θ̃ and
φ̃ are defined in figure 3.4. The distance between the target and the
detector crystal is given by l.

Detector Scattering angles l (cm)
θ (◦) φ (◦) θ̃ (◦) φ̃ (◦)

HPGe 38.7 0 39 0 47.2
63.3 0 63 0 46.0
87.6 0 88 0 46.5
113.7 0 113 0 45.1

Si(Li) 63.4 0 63 0 53.4
65.2 158 62.5 160.2 53.5
71.7 133 63 135.7 53.6
88.2 161 88 161 53.2
89.1 136 88 136.5 53.3

the chamber and vacuum. Table 3.1 lists all angular positions of the flanges used in
the experiment, including the distance between the target and the detector crystal.
From the top, a target holder was positioned in the center of the chamber. It is
rotatable around the vertical axis. The holder provides space for five targets and was
equipped with a gold foil and a fluorescence screen. Each of them can be positioned
in the beam. The fluorescence screen was used for positioning. A 1µm thick gold
foil was utilized as the main target. Since the mean free path length of ≈ 400µm
[43] in gold is much larger compared to the thickness of the foil, multiple scattering
is minimized. To measure the background, an empty slot of the target holder was
placed in the beam. The beam dump for the residual photons was positioned in EH4.

3.3.2 Data acquisition

Data acquisition for the Si(Li) and the HPGe detectors differs due to the large dis-
crepancy in complexity between the two detectors. Therefore, they will be separately
discussed, starting with the one for the Si(Li).
Commercial standard analog NIM (Nuclear Instrumentation Module) and VME (Versa
Modular Eurocard bus) modules were used for readout. For a detailed explanation see
[19]. Following, the readout chain is given for a single strip. As already discussed, the
signal from the strip is first amplified by the preamplifier ("preamp") stage consisting
of a field-effect transistor and a feedback resistor and capacitor, which is positioned
directly on the crystal. This signal is divided into a time and an energy branch. A fast
TFA (Timing Filter Amplifier) shapes the time branch signal to a short pulse. When
the amplitude exceeds a set threshold, a CFD (Constant Fraction Discriminator) con-
verts the signal to a logic pulse. The output of the CFD is split and distributed to
three modules. A TDC (Time to Digital Converter) was used to obtain the infor-
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3.3 Experimental setup

mation about the timing of the event. Furthermore, the TDC increments a scalar
that counts the incoming pulses per event. The third branch of the signal is a logical
"OR" of all channels of the CFDs and is passed into a trigger box ("trig."). If one
channel of the CFDs has a signal, the "OR" will have an output signal. This leads to
the generation of a trigger signal in the trigger box.
In the energy branch the signal from the preamplifier is further magnified by the
spectroscopy amplifier ("spec. amp."). Thus the pulse is spread and smoothed (low
noise). The amplitude is proportional to the deposited energy in the crystal. An
ADC (Analog to Digital Converter) converts the amplitude into a digital number,
here betwenn 0 and 4095.

CFD

ADC

0... ...31

33...
...63TFA

pre-
amp.

spec.
amp.

TDC Scalar

RIO

trig.

From viewport

"trigger"
"busy"

"OR"

PC

0...63 0...32

(b)(a)

Figure 3.6: Schematic representation of the data acquisition for the Si(Li). (a)
The simplified readout electronics. The numbers correspond to the
connected strips. Abbreviations are explained in the text. (b) Allocation
of the strip numbers. Adapted from [43].

Through the trigger signal the ADC is gated, i.e. the readout is exclusively done
in the case of an output signal of the CFD. In the RIO (Remote Input Output) the
outputs of the ADCs, TDCs and scalars are grouped and written to files. In addition,
the RIO communicates with the trigger box and can give the signal that no further
events will be accepted while an event is being readout. A schematic representation
of the data acquisition for the polarimeter as well as the choice of strip numbering
is shown in figure 3.6. As illustrated in figure 3.6 (a), not all strips were connected
with the time branch. For the timing information it was sufficient to use only the
grounded strips on the front side of the polarimeter.
The data acquisition for the HPGe detector was much simpler, since the crystal is
not segmented and thus only has a single output. Moreover, the timing of the events
was not of interest and therefore not detected. As with the Si(Li), the preamplifier
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3.4 Overview of the measurements

is mounted directly to the crystal. With a spectroscopy amplifier, the preamplified
signal was shaped and spread. A commercial EASY-MCA (Multichannel Analyzer)
with 4096 channels was used to convert the amplitude of the signal into a digital
number. The gating was done directly by the EASY-MCA.

3.4 Overview of the measurements
In this subsection the individual measurements during the experiment are discussed.
The positioning of the target chamber is given in subsection 3.4.1. Subsection 3.4.2
explains the background measurements. The determination of the strip orientation
is described in subsection 3.4.3. A summary of the runs with the gold target in the
beam is given in 3.4.4.

3.4.1 Beam alignment

Before the measurement, the target chamber needed to be aligned with the syn-
chrotron beam. A laser was used to align the chamber so that the light passes
through the center of it and thus passes through a position of the target holder. For
this, the laser was placed in the position of the synchrotron beam. Final alignment
was conducted with a fluorescence screen which was mounted on the target holder.
To monitor the fluorescence, a video camera was employed at a flange equipped with
a glass window.

3.4.2 Background measurement

All events measured in the detector that do not originate from photons scattered at
the target are referred to as background. Primary source of background is scattering of
the PETRA III beam from objects other than the target. In a previous experiment, this
had a significant influence. For this reason, lead shielding was installed to minimize
this issue. It is discussed in detail in [74]. Based on this knowledge, the experiment
discussed in this thesis used lead shielding from the beginning, see subsection 3.3.1.
Still, this measure will not yield background free data. In order to determine the
residual background, test measurements were performed. Thereby an empty slot of
the target holder was positioned in the beam. This was done for both detectors.
Example background spectra are displayed in figure 3.7. Both spectra from figure 3.7
were measured for scattering angles of θ ≈ 63◦ and φ = 0◦. The polarimeter data
shown correspond to the average energy of single hit events, see subsection 4.1.1.
Due to a strong noise contribution below 5 keV, this energy range is not displayed
in both spectra for clarity. For the HPGe detector, these background measurements
were performed for all positions, see subsection 3.3.1. The data from the detection
runs with the gold target in the beam were corrected with the respective background
spectrum. This was not done for the data of the polarimeter. Here, the background in
the region of interest (above 120 keV) is comparatively low. The applied correction for
the Si(Li) detector is explained in subsection 4.3.2. Due to the substantial decreasing
efficiency of the polarimeter, the measured background also declines, see figure 3.7
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Figure 3.7: Background energy spectra for scattering angles of θ ≈ 63◦ and φ = 0°.
The HPGe detector spectrum is shown in (a) and the one of the po-
larimeter in (b). The energy calibration is discussed subsection 4.1.3.

(b).
As discussed earlier, the lead shielding was used to minimize the background radiation.
Especially the elastically scattered incident photons are an indicator of how good
the shielding was, since they can only originate from objects other than the target.
In figure 3.7 it can be seen that there is no significant contribution in this energy
regime. Due to the shielding, characteristic fluorescence lines of lead are visible in
both background spectra. These lines correspond to Kα,1 at 74.969 keV, Kα,2 at
72.804 keV and Kβ,1 at 84.936 keV [15]. Whereby the latter can only be seen in the
spectrum of the germanium detector.
The peak at ≈ 48.5 keV could not be identified. In figure 3.7 (b), a double-peak
structure appears, indicating characteristic fluorescence. Based on the width, it can
be assumed that the peak is broadened by a scattering process such as Compton
scattering. The relative intensity difference between this peak and the Kα lines
deviates distinctly for the two detectors. A reason for this could be the difference
in the shielding of the detectors. Around the HPGe detector was a much thicker
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3.4 Overview of the measurements

lead shielding than around the polarimeter. Another explanation could be that most
photons with this energy enter the crystal of the Si(Li) detector from the side. In
addition, the efficiency in this case is significantly higher due to the larger possible
penetration depth.

3.4.3 Strip orientation

In order to identify the correct allocation of the strips of the polarimeter, two mea-
surements were performed. For this purpose, a block of metal was placed in front
of the crystal in various orientations. Since the strips of the front and back side are
rotated by 90◦ relative to each other, the metal was position to block a vertical and
horizontal part of the detector, respectively. A radioactive source of 241Am was used
as a photon source.
The used right-handed coordinate system is defined by the propagation direction of
the photons in positive z-direction. In this coordinate system, the analysis of the
detected histograms is performed, whereas the generation of the spectra is done in
respect of looking in direction of the target. This means that the detector "sees"
the photons propagating towards it. The two measurement setups and the resulting
histograms are displayed in figure 3.8.

3.4.4 Summary of main runs

The individual beam runs are summarized in table 3.2. For each run the used de-
tectors and their position, defined by the scattering angles, are listed. Furthermore,
the duration of the measurements with the beam on target and of the background
detection are given.

Table 3.2: Beam runs in chronological order.

Run Detector Scattering angle (◦) Duration (min)
θ φ Background Beam on Target

1 Si(Li) 65.2 158 91 995
HPGe 63.3 0 30 30

2 Si(Li) 88.2 161 85 1105
HPGe 87.6 0 30 30

3 Si(Li) 89.1 136 / 780
HPGe 38.7 0 30 30

4 Si(Li) 71.7 133 65 727
HPGe 113.7 0 30 30

5 Si(Li) 63.4 0 40 1133
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Figure 3.8: Schematic representation of the two measurements to determine the
strip orientation of the polarimeter, where a metal block was positioned
(a) vertically and (b) horizontally in front of the detector. In (c) and
(d) are the corresponding histograms with respect to the detector that
"sees" the beam propagating towards the crystal.
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Analysis

4 Analysis
The analysis leading to the final results of the polarization properties is explained
in this section. These are the Stokes parameter P1 and P2 or the degree of linear
polarization PL and the polarization angle χ, respectively. For the incident PETRA III
beam as well as the scattered photons, these parameters are calculated. The different
types of spectra used in this thesis and the corresponding conditions to fill them are
described in subsection 4.1. In subsection 4.2, the determination of the scattering
angles θ and φ are explained. The analysis of the polarization of the scattered photons,
based on the measured data, is discussed in subsection 4.3. Subsection 4.4 describes
the relation between the polarization of the incident and the scattered photons.

4.1 Generation of spectra
This subsection describes the conditions for filling the various spectra. Different types
of events can be analyzed from the data of the polarimeter. These events differ in
the number of strips that detected a valid signal. A signal from a strip is valid if
the measured energy is in a certain range. The lower limit is a set threshold that is
adjusted for each strip. This threshold was fixed slightly below the high energy end
of the noise level, to eliminate most of the noise. Through the allowed voltage range
of the ADC, the upper limit is defined. For the polarimeter, only events where one or
two strips from the front- and backside of the crystal had a valid signal are considered
in this thesis. The generation of the resulting spectra is discussed in subsection 4.1.1
and 4.1.2. Here, the crystal of the HPGe detector was considered as a single strip.
The spectra were therefore generated similarly to the case of a signal from one strip
per side from the Si(Li) detector. Energy calibration is necessary to extract the energy
information from the ADC channels and is discussed in subsection 4.1.3.

4.1.1 Single hit spectra

The HPGe detector records only single events, i.e. one measured energy value per
event, since the crystal has no segmentation. Due to the segmentation of the po-
larimeter, the definition of a single hit is different. Events where exactly one strip
from the front and one from the back detect a signal are defined as a single hit.
These two signals from the front- and backside are averaged to determine the energy
of the event. It is possible to include events with more than one strip per detector
side that have a valid signal. Here, the cloud of charge carriers is distributed across
two adjacent strips. In this case, the energy of each strip per detector side is summed
before the average of both sides is taken. This would increase the statistics, but also
the noise contribution, accumulated from the strips. The latter results in a broader
spectrum. To avoid this effect, only single hit events as defined above were used
to generate the spectra. For all measurement positions of the Si(Li) detector these
single hit spectra were used for energy calibration, see subsection 4.1.3. Furthermore,
for both detectors, the determination of the polar scattering angle θ was done with
the single hit spectra, see subsection 4.2.
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4.1 Generation of spectra

4.1.2 Compton polarimetry spectra

Compared to the direct absorption of the photon, Compton scattering in the crystal
forms the basis for Compton polarimetry. For Compton scattered photons, the Stokes
vector S ′ given in equation (2.16) depends on both, the polar θ and the azimuhtal
φ scattering angle, as well as the Stokes vector of the incident beam. The angle-
dependent intensity Idet(θ, φ) = Sscat,0(θ, φ) is given as follows

Idet(θ, φ) = (1, 0, 0, 0) · T̂ (θ) · M̂(φ) · S

∝ (1, 0, 0, 0) · T̂ (θ) · M̂(φ) · P .
(4.1)

From the measured intensity Idet the Stokes vector P is derived. As explained in
subsection 2.2.3, the Si(Li) detector is not sensitive to the circular polarization com-
ponent P3. Thus, it cannot be determined in the experiment discussed in this thesis.
The remaining components P1 and P2 corresponding to the linear polarization are
analyzed.
In the following, the conditions for the events that fill the θ-φ-spectrum are discussed.
Since both the Stokes parameters and the scattering angles are used in several phases
of the experiment, a distinct nomenclature will be given. For the PETRA III beam,
the Stokes vectors are denoted by the subscript "inc" and for the scattered photons
at the target, the parameters are denoted by "scat". In the crystal, the scattering
angles as well as the intensity are denoted by "det". For clarity, the nomenclature for
all parameters are shown in figure 4.1. Consequently, the variables in equation (4.1)
are now θ = θdet, φ = φdet and P = P scat.
It is essential for Compton polarimetry to reconstruct the Compton scattering events.
This requires that the absorption of the photon and the electron occur inside the
detector crystal and in separate strips. The simplest structure is a valid signal from
two strips from both crystal sides. A different signature would be the case when two
strips on one side and one strip on the other side have a valid signal.
Lets consider now the first case. Here, the energy of the x- and y-strips is defined
as Ex1 > Ex2 and Ey1 > Ey2, respectively. Since the energy of the incident photon
beam is smaller than 1

2mec
2, Ex1 and Ey1 correspond to the energy of the photon

and Ex2 and Ey2 to the energy of the electron. As discussed in subsection 4.1.1, the
average of the two corresponding strips of each detected absorption is taken. This
results in

Eph = Ex1 + Ey1

2 , Eel = Ex2 + Ey2

2 (2x-strips, 2 y-strips), (4.2)

where Eph is the energy of the photon and Eel the energy of the electron.
Compton scattering can also be measured when three strips record a valid signal.
This will be demonstrated by the example of the detection of the event by one x-strip
and two y-strips. The energy for the x-strip is now defined as Ex and the energies
of the y-strips are as given above. Analogues to equation (4.2), the energy of the
photon and the electron are determined as

Eph = Ey1 · Eav

Ey1 + Ey2
, Eel = Ey2 · Eav

Ey1 + Ey2
(1x-strip, 2 y-strips), (4.3)
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PETRA III beam

Sinc,P inc

Gold target

Scattered
photons
Sscat,P scat

Idet, θdet, φdet

θ, φ

Figure 4.1: Schematic illustration of the nomenclature for the different Stokes vec-
tors and the scattering angles. θ and φ are the scattering angles of the
scattering process in the gold target and θdet and φdet of the scattering
process in the detector. Adapted from [43].

where Eav = 1
2 · (Ex +Ey1 +Ey2) is the average energy of the detected event. Events

where two x-strips and one y-strip recorded a valid signal were analyzed similarly.
The incident photon energy ℏω and the polar scattering angle θdet can be calculated
using the equations (2.3) and (2.4) with the results of equation (4.2) and (4.3). Let
∆nx and ∆ny be the difference in numbers of strips between the photon and electron
absorption in the x- and y-directions, respectively. These differences are defined with
respect to the position of the absorption of the electron. Using the strip width w and
groove wg, see subsection 3.2.2, the spatial distance is given as ∆x = ∆nx · (w+wg)
and ∆y = ∆ny · (w + wg). From this, the azimuthal scattering angle φdet is derived
as

tan(φdet) = ∆ny

∆nx

. (4.4)

Equation (4.4) is strictly valid only if the absorption occurs in the center of the strips.
To include the finite strip width, a correction was performed to the distances resulting
from ∆x and ∆y, see subsection 4.3.1.
Additional conditions for filling the ∆nx-∆ny-histogram are the following. The posi-
tions of the absorptions should not be too close to each other. A minimum distance of
|∆nx| > 1 and |∆ny| > 1 was defined. As a result, there is at least one strip between
the absorptions. Otherwise, the uncertainty of the azimuthal angle φdet would become
large for these short distances between the measured signals. This would then cause
an unnecessary increase of the overall uncertainty. In addition, events detected close
to each other could be origin from something other than Compton scattering. Instead,
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Table 4.1: Calibration lines and their corresponding peak energy from the gold tar-
get. Data for Kα,1, Kα,2, Kβ,1, Kβ,2 and Kβ,3 are taken from [15].

Line Energy (keV)
Kα,1 68.804
Kα,2 66.990
Kβ,1 77.984
Kβ,2 80.150
Kβ,3 77.580

Rayleigh 175.265

they could arise by splitting the energy deposition into two neighboring strips. This is
the so called charge sharing effect. The energy deposition in the crystal distributes to
two adjacent strips, both of which then detect a valid signal. Furthermore, an energy
condition is applied. The reconstructed energy of the photons scattered at the gold
target should be in a defined range [Emin, Emax]. Through this condition, an energy
interval of photons hitting the detector in the region of interest is selected. Here, two
regions of length ±1 keV and ±2 keV were used around the chosen energies.

4.1.3 Energy calibration

The measured data are stored in steps of the ADC channels. Due to this, it is
necessary to calibrate the detectors to yield the relation between the ADC value x
and the deposited energy E. This has to be done for each strip of the Si(Li) detector
and once for the crystal of the HPGe detector. For the calibration, a linear dependence
with a offset b is assumed as follows

E = a · x+ b. (4.5)

In the recorded spectra, the energies Ei of the two lines of the Kα and the Kβ peaks
as well as the Rayleigh peak are well known. The corresponding energies are listed in
table 4.1. Therefore, these lines were used to determine the slope a and the offset in
equation (4.5). Additional calibration measurements were therefore not required. For
each of these lines, the ADC value xi corresponds to the center of the respective line.
A linear fit of all calibration peaks (xi,Ei) yields the parameters a and b. This was
done for each detector position. Figure 4.2 illustrates a calibration spectrum of the
germanium detector and strip 17 of the polarimeter for the same scattering angles. As
can be seen in figure 4.2, the energy resolution of the HPGe detector is significantly
better than that of the Si(Li) detector. In the spectrum of the polarimeter is a large
noise peak around channel 100. Since it does not contain any relevant information,
the peak has been truncated for clarity. The shift between the two spectra is due to
a difference in the amplification of the detector signal.
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Figure 4.2: Calibration spectrum for scattering angles of θ ≈ 63◦ and φ = 0◦. The
upper panel (a) shows measured data from the HPGe detector and the
lower panel (b) from strip 17 of the Si(Li) detector.

4.2 Angle determination

The exact polar scattering angle θ can be determined by fitting the Compton peak
with simulated Compton profiles. For the simulation, the code was provided by G.
Weber [75]. 150 profiles were computed in the range of θi ± 3◦, where θi are the
angles used for constructing the flanges at the target chamber.
The idea is to fit a set of Compton profiles to the experimental data, to identify the
corresponding profile that best aligns with the measured data. This method relies
on the relation between the peak energy and the scattering angle and is defined in
equation (2.3).
For the HPGe detector, the data from the experiment are corrected with the detector
efficiency to get a better comparability with the simulation. This is not done for
the data from the polarimeter, as it is assumed that the efficiency for the regions
of interest across the Compton peak can be considered constant. Since the exact
shape of the Compton profile cannot be easily described, the fit is done in several
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steps. First, a Gauss function is fitted to the monoenergetic Rayleigh peak. The
width of the Gaussian corresponds to the FWHM of the detector, which is used in
the further calculations. The fit is performed using the Maximum-Likelihood method.
This method is also used for the subsequent fits. For further information see [76].
This fit function is defined as follows: At first, an extended Compton profile is gen-
erated. Therefore, all simulated profiles belonging to a specified range around the
scattering angle are superimposed. This angular range is defined by twice the size
of the opening angle of the crystal, with the scattering angle in the middle. The
opening angle is determined by half the width of the crystal and the distance between
the target and the detector crystal. At the edges of the range a special case occurs.
The profiles of the angles where the limit of the interval lies in between are added
with their corresponded fractions. They are added to the number of Compton profiles
as well as to the sum. This is done for the lower and upper edge of the interval.
The resulting extended profile is convoluted with a Gauss function using the FWHM
obtained from the Rayleigh peak. This integrates the resolution of the detector into
the simulations. The obtained Compton profile is fitted to the measured data with
a constant amplitude and offset. Besides the scattering angle, these two parameters
are the additional fit variables.
The angle yielded from this fit is used as the polar scattering angle θ. Since not
all uncertainties are accounted for in the fit, a more conservative uncertainty of 0.1◦

is used for θ than that obtained from the fit. This procedure is performed for all
measurement positions of the two detectors.
The azimuthal scattering angle φ is measured at the target chamber in several steps.
This results in a combined uncertainty of ∆φ = 1◦ for all φs determined.

4.3 Polarization analysis
From the analysis of ∆nx-∆ny-spectra, the Stokes vector P scat and the orientation of
the polarization χ are obtained. The limitation of the distance between the absorption
of the electron and the photon is discussed in subsection 4.3.1. Subsection 4.3.2
explains the background correction of the polarimeter data. The angle correction
between the scattering plane and the detector plane is described in subsection 4.3.3.
In subsection 4.3.4, the determination of the polarization by fitting simulations to the
experimental data is explained.

4.3.1 Distance limitation

The position of the recoil electron and the absorption of the Compton scattered
photon can each be assigned to a quasi-pixel. Of these pixels, the positions of the
absorption of the electron and photon are given by the coordinates (x1,y1) and (x2,y2).
The relative coordinates are defined as ∆x = x2 − x1 and ∆y = y2 − y1. From this,
the definition of the absolute distance between the absorption of the photon and the
electron is as follows

d =
√

(∆x)2 + (∆y)2. (4.6)
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Figure 4.3: Schematic representation of the geometry of a Compton scattering
event. From a combination of a front- and backside strip the pseudo-
pixels are constructed. Adapted from [43].

For each event individually, the distance is calculated. The geometry of a detected
Compton scattering event and all variables are displayed in figure 4.3. In the deter-
mination of φdet and d with the equations (4.4) and (4.6), an uncertainty is caused
by the finite pixel size. This is due to the fact that the absorption can occur at any
position of the quasi-pixel. A continuous range of both parameters for each pixel
combination is the result of the various possible absorption positions. For the absorp-
tion positions, the finite pixel size imposes limits on the coordinates in the following
way

x1 ∈ [x1,min, x1,max] , y1 ∈ [y1,min, y1,max] ,
x2 ∈ [x2,min, x2,max] , y2 ∈ [y2,min, y2,max] . (4.7)

For φdet and d this results in

φdet ∈ [φmin, φmax] , d ∈ [dmin, dmax] . (4.8)

Since this uncertainty is comparatively small, it can be neglected. Thus, it is assumed
that the energy deposition is always at the center of the quasi-pixel, as illustrated in
figure 4.3. φdet and d have a discrete value for a particular Compton event.
The distances between the Compton photons and the recoil electrons are used to
determine the influence of background signals on the corresponding distances. This
method is adapted from [77]. Not all double hits satisfying the conditions defined
in subsection 4.1.2 are Compton events. Instead, some of them are caused by the
independent absorption of two photons hitting the detector at random positions in
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a particularly short time interval. For this reason, it is assumed, that the measured
distance spectra can be reconstructed from the sum of a distance spectrum stem-
ming from a pure simulated histogram and a random distance distribution, with a
corresponding scaling factor. The simulations of the measurements are discussed in
subsection 4.3.4. Random distances are generated by creating pairs of strip numbers.
These pairs correspond to the position of the absorption of two photons. For each of
these pairs, the distance was calculated with equation (4.6).
The sum of the simulation and the random distribution is fitted to the measured
data. Here, the scaling factors are the fit parameters. These results are used for the
distance and the background correction.
To determine whether or not the random distribution has a strong influence at a given
distance, two conditions are implemented. They are defined as

E(i)
srand ·R(i) >

3
2 and ssim · S(i)

srand ·R(i) >
3
2 , (4.9)

where E, R and S are the counts in the experimental, random and simulated distance
histograms for the ith distance. Resulting from the fit are ssim and srand the scaling
factors. If one of the two ratios of equation (4.9) is not valid, the data will no longer
be used in the following analysis. The largest distance at which the conditions are
fulfilled, represent the new limit for the distances of the data used.
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Figure 4.4: Distance correction for the detector position θ = 71.7◦ and φ = 133◦

and a photon energy of 141.9 keV with a new maximum distance of
33 mm (dash-dot line). The distribution resulting from fitting the sim-
ulation plus the random distribution to the measured data (black) is
given in red. The simulated (yellow) and the random (blue) data are
multiplied by the scaling factors derived from the fit.
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Since the intensity for large distances between the absorption of the photon and
electron is low, a upper limit of 35 mm is set, if the conditions, given in (4.9), are
satisfied up to this length. An example for the reduction of the largest distance used
for the detector position θ = 71.7◦ and φ = 133◦ and a photon energy of 141.9 keV
is illustrated in figure 4.4.

4.3.2 Background correction

The polarimeter data contains background signals resulting from the signal of two
strip pairs at the same event, without being real Compton event. As discussed in
subsection 3.4.2, the background measurements with the Si(Li) detector are not used
for the correction in the polarization analysis.
For the polarization analysis, simulated histograms were utilized, which do not contain
any background. The simulated data were considered with random double hits to
complement for the background signals of the experimental data. To adjust the
number of random events for each simulation, the corresponding percentage of the
generated distance distribution, see subsection 4.3.1, from the measured data was
determined. For each of the used simulated data sets, this portion is multiplied by
the length of the individual set. The resulting length represents the amount of random
numbers added to the set. As a result, the experimental and simulated data contain
a comparable background and no further corrective measures are required.

4.3.3 Angle correction

This subsection discusses the influence of the orientation of the front of the scattering
plane relative to the x-axis of the detector. The detector is always aligned so that the
scattering plane is perpendicular to the crystal surface. When the scattering and the
reference plane are overlapping, the horizontal direction of the detector plane is then
parallel to these. If this is not the case and the scattering plane is tilted with respect
to the reference plane, the horizontal component of the detector plane is no longer
parallel to the scattering plane. However, these two planes are still perpendicular to
each other. The horizontal direction of the detector plane remains parallel to the
reference plane. Figure 4.5 illustrates the relation between the planes. Additionally,
an exemplary polarization vector is shown (yellow), which has the orientation χ with
respect to the x- axis of the scattering plane.
The aim is to identify the angle difference δχ between the x-axis of the scattering
plane and the parallel component of the detector plane, see figure 4.5. Since the
orientation of the polarization χ is defined with respect to the x-axis of the scattering
plane, while the polarization measurements are performed with respect to the detector
axes, the result of the polarization analysis has to be corrected by this angle difference
δχ.
It is therefore necessary to determine the orientation between the axes of these two
planes. The difference of the angle can be calculated between the normal vector of
the scattering plane and the vertical direction of the detector plane. To determine
the orientation of the axes of these planes in the lab frame, it is required to rotate
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Scattering
plane

Detector
plane

χ

δχ
d∥

d⊥

Figure 4.5: Schematic representation of the relation between the scattering and
detector plane. The scattering plane is visualized by a solid black line
and the orientation of the polarization in yellow. The photons propagate
out off the plane towards the reader.

vectors for the coordination transformation. The basic rotation matrices for a rotation
around a single axis are defined as [78]

R̂x(α) =

1 0 0
0 cos(α) − sin(α)
0 sin(α) cos(α)

 , R̂y(α) =

 cos(α) 0 sin(α)
0 1 0

− sin(α) 0 cos(α)



and R̂z(α) =

cos(α) − sin(α) 0
sin(α) cos(α) 0

0 0 1

 . (4.10)

Combining the three matrices given in equation (4.10) forms the general rotation
matrix around an arbitrary vector v. It is given as [79]

R̂(α,v) =

 v2
1 · ξ + cos(α) v1 · v2 · ξ − v3 · sin(α) v1 · v3 · ξ + v2 · sin(α)

v1 · v2 · ξ + v3 · sin(α) v2
2 · ξ + cos(α) v2 · v3 · ξ − v1 · sin(α)

v1 · v3 · ξ − v2 · sin(α) v2 · v3 · ξ + v1 · sin(α) v2
3 · ξ + cos(α)


(4.11)

where ξ = (1 − cos(α)) and

v =

v1
v2
v3

 (4.12)

corresponds to the orientation of the axis around which the rotation is performed.
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In the lab frame, the incident beam propagates in the z-direction, so

k ∝

0
0
1

 . (4.13)

This vector has to be rotated by the two scattering angles θ̃ and φ̃. First with the
polar angle θ̃ around the y-axis. Consequently, the orientation of vy, is defined as
v2 = 1 and v1 = v3 = 0. The rotation of the beam vector is calculated as

kscat = R̂(θ̃,vy) · k. (4.14)

Additionally, the resulting vector needs to be rotated by φ̃ around the x′-axis. Rotating
the x- around the y-axis with the angle θ̃ yields x′, which is determined as

x′ = R̂(θ̃,vy) · x. (4.15)

The second rotation of kscat by the azimuthal scattering angle φ̃ around the x′-axis
follows then as

k′
scat = R̂(φ̃,x′) · kscat. (4.16)

For the scattering plane the normal vector can be determined using the cross product
of the incident beam vector and the rotated beam vector,

nscat = kin × k′
scat. (4.17)

In addition to the scattering plane, the detector plane also has to be determined.
This plane is constructed with the parallel d∥ and vertical direction d⊥ of the detector
screen as

d∥ =

1
0
0

 and d⊥ =

0
1
0

 . (4.18)

Similar to the incident beam vector k, the vectors are first rotated around the y-axis
with the polar scattering angle θ̃ and then around the x′-axis by the azimuthal scat-
tering angle φ̃. After both rotations, the vectors are denoted as d′

∥,scat and d′
⊥,scat.

The angle difference is calculated from the normal vector of the scattering plane and
the vertical direction of the detector plane. It is determined as

cos(δχ) =
nscat · d′

⊥,scat√
(nscat · nscat) · (d′

⊥,scat · d′
⊥,scat)

. (4.19)

To correct the orientation of the polarization χ, this angle difference is added to the
uncorrected measured angle χuncor

χ = χuncor + δχ. (4.20)
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4.3.4 Fit with simulated spectra

The simulated data used in this thesis are generated with an EGS5 [80] code provided
by G. Weber [75]. For each simulation, a list of energy values for each strip per
event is obtained, containing the following information: ∆nx, ∆ny and the polar
angle θdet of the Compton scattering inside the crystal. From the resulting event
lists, ∆nx-∆ny-histograms are generated as well as the azimuthal scattering angles
φdet are calculated with equation (4.4). Using the definition of the Stokes vector in
equation (2.10), the following Stokes vectors are generated

Sunpol =


Iunpol

0
0
0

 ,S0◦ =


I0◦

I0◦

0
0

 ,S45◦ =


I45◦

−I45◦

0
0

 ,

S90◦ =


I90◦

0
I90◦

0

 ,S135◦ =


I135◦

0
−I135◦

0

 . (4.21)

Sunpol correspond to the Stokes vector of a completely unpolarized photon beam.
The others correspond to fully polarized beams with an inclination of the polarization
of 0◦, 45◦, 90◦ and 135◦ with respect to the x-axis of the scattering plane. Ii are the
intensities of the detected simulated events. All simulations create 108 photons. In the
simulation the generated beam diameter matches the diagonal of the crystal. The
∆nx-∆ny-histograms correspond to the simulated polarization states for a photon
energy of 146 keV are shown in figure 4.6.
To determine the polarization of the scattered photons, the experimental data are
fitted with the simulations. The orientation χ and the degree of linear polarization
PL are used as the fit variables. For the fit, the distribution of θdet and φdet are
determined for different numbers of bins. For the angular range of 360◦ of the
azimuthal scattering angle, 15 different binnings for the distribution are used. The
total number of bins varies between 20 and 34 bins. For the polar scattering angle,
only angles in the interval [30◦, 150◦] are considered. This is due to the fact that the
probability of detection decrease strongly for the remaining scattering angles close to
0◦ and 180◦. For angles close to 0◦ the low energy of the electron has to exceed
the noise level to generate a valid signal. In addition, the scattering distribution
becomes more isotropic at these angles and the data of the angles outside the range
can therefore be neglected. Two sets of binning are used, with a total number of four
and five bins. This results in 30 combinations, which are individually fitted.
For a consistency check, three different fit functions are used. They are defined as

I1 = (1 − (P1(PL, χ) + P2(PL, χ))) · Iunpol + P1(PL, χ) · I0◦ + P2(PL, χ) · I45◦ ,

I2 = (1 + (P1(PL, χ) + P2(PL, χ))) · Iunpol − P1(PL, χ) · I90◦ − P2(PL, χ) · I135◦ ,

I3 = Iunpol + P1(PL, χ) · (I0◦ − I90◦)/2 + P2(PL, χ) · (I45◦ − I135◦)/2. (4.22)

Here, PL and χ are expressed in terms of equation (2.13) with the Stokes parameter
P1 and P2 for clarity. Due to the necessity of correcting χ, given in equation (4.20),
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Figure 4.6: Simulated ∆nx-∆ny-spectra for a photon energy of 146 keV. For 100%
polarized photons with the orientation of (a) 0◦, (b) 45◦, (c) 90◦ and
(d) 135◦. (e) correspond to the Stokes vector of completely unpolarized
photons.
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4.4 Scattering analysis

it needs to be taken into account in the results from equation (4.22). This leads
to the definition of the orientation of polarization in equation (4.22) as χuncor − δχ,
where χuncor is the fit variable. The fits are performed with the Maximum-Likelihood
method based on Poisson distributed experimental data.
The three fit functions are fitted to the experimental data. For each function, the
weighted means are calculated from the results of all combinations of θdet-φdet. The
weighted mean is defined as

x =
[∑

i

xi

∆xi

]
·
[∑

i

1
∆xi

]−1

, (4.23)

where ∆xi is the uncertainty of xi. Since it cannot be assumed that the xi from
the individual fitting procedures are independent, a conservative error estimation is
considered. It reads

∆x = max
i

{max {∆xi, |xi − x|}} . (4.24)

As the resulting angle corresponds to χuncor, δχ is added to yield χ. The Stokes
parameter P1 and P2 are determined with equation (2.13). For the values PL, χ, P1,
and P2 obtained from the three fit functions, the average is calculated with equations
(4.23) and (4.24). They correspond to the final values of the parameters.

4.4 Scattering analysis
Calculations of the influence of the detector size as well as the polarization of the
incident beam are subjects of this subsection. Using equation (2.16), the Stokes
vector of the incident and scattered photons are related to each other as follows

Sscat(θ, φ) = T̂ (θ) · M̂(φ) · Sinc. (4.25)

For the relative Stokes vectors P inc and P scat, which are of interest in this thesis,
follows from equation (4.25)

P scat(θ, φ) = T̂ (θ) · M̂(φ) · P inc

(1, 0, 0, 0) · T̂ (θ) · M̂(φ) · P inc
. (4.26)

In equation (4.26) the Stokes vector P inc of the incident photon beam is used to
determine the Stokes vector P scat of the scattered photons. Up to now, it is assumed
that the detector is point-like. In subsection 4.4.1, the adjustments to consider
an extended detector are described. The reconstruction of P inc, to calculate the
polarization of the incident photons is explained in subsection 4.4.2. In subsection
4.4.3, the error estimations are given.

4.4.1 Detector size effects

The effect of the size of the detector crystal on equation (4.25) can be taken into
account by integrating over the surface of the crystal. This is calculated for the square
detection area of the Si(Li) detector. The scattering angles (θ, φ) are defined to point
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4.4 Scattering analysis

to the center of the detector. Any other position of the crystal can be described by
(θ′, φ′). They are defined as

θ′ ∈ [θmin, θmax] , and φ′ ∈ [φ− δφ(θ′), φ+ δφ(θ′)] , (4.27)

where θmin and θmax are the angles with respect to the edges of the crystal and
δφ(θ′) corresponds to half of the angular range of the crystal depending on θ′. The
integration of (4.25) is defined as

S
(ext)
scat (θ, φ) =

� θmax

θmin

dθ′ sin(θ′) · T̂ (θ′)
� φ+δφ(θ′)

φ−δφ(θ′)
dφ′ M̂ (φ′) · Sinc

=
� θmax

θmin

dθ′ sin(θ′) · T̂ (θ′)
� δφ(θ′)

−δφ(θ′)
dφ̇ M̂(φ̇) · M̂ (φ) · Sinc. (4.28)

The subscript (ext) indicates that the extended detector size is taken into account. In
equation (4.28), a variable substitution is applied in the second line. The azimuthal
angle is substituted so that the detector is at φ = 0◦, resulting in φ̇ = φ′ − φ.
Furthermore, the property M̂(φ̇+φ) = M̂(φ̇) · M̂(φ) of the rotation matrix is used.
Resulting from equation (4.28), the transfer matrix for the extended detector T̂ (ext)

reads
T̂ (ext)(θ) =

� θmax

θmin

dθ′ sin(θ′) · T̂ (θ′)
� δφ(θ′)

−δφ(θ′)
dφ̇ M̂(φ̇). (4.29)

The Stokes vector S
(ext)
scat (θ, φ) can then be written as

S
(ext)
scat (θ, φ) = T̂ (ext)(θ) · M̂ (φ) · Sinc. (4.30)

In figure 4.7 are the important parameters to determine T̂ (ext) shown. The equally
width and height of the quadratic detector crystal surface is given by w. The syn-
chrotron beam propagates in z-direction. For the description of the crystal a new
coordinate system is introduced. Its origin lies in the center of the detector surface.
The unit vectors el, eh, and ev point in the direction from the gold target towards
the detector and along the horizontal and vertical detector axes, respectively. They
are illustrated in figure 4.7 and are given as

el =

sin(θ)
0

cos(θ)

 , eh =

 cos(θ)
0

− sin(θ)

 , ev =

0
1
0

 . (4.31)

These unit vectors are used to parameterize any point r on the crystal as

r = l · el + h · eh + v · ev, (4.32)

with h ∈ [−w
2 ,

w
2 ] and v ∈ [−w

2 ,
w
2 ]. Another expression for the position can be

derived from θ′ and φ̇. Then r reads

r = L ·

sin(θ′) cos(φ̇)
sin(θ′) sin(φ̇)

cos(θ′)

 . (4.33)
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Figure 4.7: Schematic representation of the detector geometry defined for the in-
tegration in equation (4.29) to determine the transfer matrix T̂ (ext).
Adapted from [43].

The combination of the equations (4.32) and (4.33) yields

Ľ ·

sin(θ′) cos(φ̇)
sin(θ′) sin(φ̇)

cos(θ′)

 = ·el + ȟ · eh + v̌ · ev (4.34)

where Ľ = L
l
, ȟ = h

l
and v̌ = v

l
.

The first component of the equation (4.34) results in

φ̇ = arccos
sin(θ) + ȟ · cos(θ)

Ľ · sin(θ′)

 . (4.35)

In addition, Ľ =
√

1 + ȟ2 + v̌2 and thus a relation between (θ′, φ̇) and (ȟ, v̌) can be
obtained from equation (4.34).
The calculation of the Jacobi determinant provides

sin(θ′) dθ′ dφ̇ = Ľ−3 dȟ dv̌. (4.36)

For the extended detector, the transfer matrix with the new variables can be written
as

T̂ (ext)(θ) =
� w

2l

− w
2l

dȟ
� w

2l

− w
2l

dv̌ Ľ−3 · T̂ (θ′(ȟ, v̌)) · M̂(φ̇(ȟ, v̌)). (4.37)
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θ′ needs to be characterized in terms of ȟ and v̌ to calculate the transfer matrix
T̂ (ext). From the last component of equation (4.34), θ′ follows as

θ′ = arccos
cos(θ) − ȟ · sin(θ)

Ľ

 . (4.38)

Equation (4.38) indicates that θ′ and hence T̂ are even functions of ȟ. The rotation
matrix M̂ encloses φ̇ only in the form of sin(2φ̇) and cos(2φ̇), as shown by the
equation (2.15). These terms are odd and even functions of φ̇. This leads to the
vanishing of all elements of the matrix multiplication T̂ · M̂ by the integration, which
are proportional to sin(2φ̇). The remaining components are even functions of ȟ.
Applying this for an extended detector, the transfer matrix reads

T̂ (ext)(θ) =
� w

2l

− w
2l

dȟ
� w

2l

− w
2l

dv̌ Ľ−3 ·

T00 T01 cos(2φ̇) 0
T10 T11 cos(2φ̇) 0
0 0 T22 cos(2φ̇)

 , (4.39)

where only the upper left 3×3 part of T is considered. The matrix in equation (4.39)
is similar to the transfer matrix of a point like detector given in equation (2.18). A
structural difference is that there is no symmetry between T01 and T10 anymore.
Using a grid of 1000 × 1000 points in (ȟ, v̌), the integrals in the equation (4.39) are
calculated. For comparison between a point-like and an extended detector, T̂ (ext) can
be divided by the solid angle covered by the detector. The solid angle is defined as

∆Ω =
� w

2l

− w
2l

dȟ
� w

2l

− w
2l

dv̌ Ľ−3. (4.40)

4.4.2 Calculation of the incident beam polarization

The polarization of the incident beam P inc can be reconstructed from the measured
polarization of the scattered photons P scat(θ, φ). Inverting equation (4.25) yields the
general Stokes vector of the incident photons

Sinc = M̂−1(φ) · T̂−1(θ) · Sscat(θ, φ). (4.41)

Instead of T̂ (ext), T̂ is used in the equation (4.41) for clarity.
Since M̂ is a rotation matrix, it is always invertible. The transpose is equal to the
inverse matrix M̂T = M̂−1. A complete inversion of the transfer matrix including the
integrated version is in general not possible. Only the upper left 3 × 3 part can be
inverted. The relative Stokes vector of the incident photon beam is obtained from
Sinc as

P inc = M̂T(φ) · T̂−1(θ) · P scat(θ, φ)
(1, 0, 0, 0) · M̂T(φ) · T̂−1(θ) · P scat(θ, φ)

. (4.42)

From the fourth column and row of the matrix T̂−1 all elements are set to zero. As in
equation (4.41), the extended detector size can be considered by using T̂ (ext) instead
of T̂ .
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4.4.3 Error estimation

The error estimation of the Stokes vector of the incident beam P inc, calculated with
equation (4.42), and that of the scattered photons P scat, determined with equation
(4.26), are discussed.
From the scattering angles θ and φ, the distance l between target and detector, and
the input Stokes parameters, either Pj,inc or Pj,scat depending on the equation, are the
uncertainties considered. Let y be the output parameter and xi the input quantities.
Here the error of xi is referred to as ∆xi and the resulting contribution of the overall
deviation of y as ∆xi

.
For the Stokes parameter Pj and thus also for T̂ and M̂ , ∆xi

is determined with
xi ± ∆xi. Thereby, the other parameters are kept constant. The largest of these
deviations is used, which is defined as

∆xi
= max {|y(xi + ∆xi) − y(xi)| , |y(xi) − y(xi − ∆xi)|} . (4.43)

From these individual contributions ∆xi
, the total error ∆y of the output parameter

y is determined as
∆y =

√∑
i

∆2
xi
. (4.44)

Since the distance l was measured in several steps, the uncertainty results in
∆d = 1 cm.
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5 Results and discussion
The results of the experiment explained in this thesis are discussed in this section.
The linear polarization of Compton scattered photons measured for various energies
per detector positions are discussed in subsection 5.1. Based on the polarization
of the incident beam, the theoretical predictions are calculated. The results of the
reconstruction of the polarization parameters of the incident photon beam, determined
with the yields of the scattered photons, are discussed in subsection 5.2.

5.1 Linear polarization of Compton scattered photons
For determining the polarization parameters, only those events that satisfy the criteria
for the double hit spectrum, given in subsection 4.1.2, are used. The steps required
for the analysis are described in subsection 4.3. As a result, the degree of linear
polarization PL and the orientation of the polarization χ are obtained. From these,
the Stokes parameters P1 and P2 are calculated then with equation (2.13). The
obtained results of the degree of linear polarization PL and the orientation of the
polarization χ for all analyzed points, including the corresponding theoretical values,
are listed in table 5.1. In addition, figures 5.1 to 5.5 displays the obtained values of
the different parameters for each detection position of the Si(Li) detector. All five
figures have the same structure. The polarization parameter PL is shown in (a), χ
in (b), P1 in (c) and P2 in (d). In each plot, the theoretical value (dashed line)
including the uncertainty (rectangle) is illustrated in green. An energy spectrum of
the Compton peak is displayed in (e). Additionally, the corresponding transferred
momentum to the Compton scattered photons is given in the upper x-axis in atomic
units. It is equal to the projection of the electron momentum in the direction of the
incident photon. In the theoretical prediction it is assumed that the electron is at
rest so that only the parameters for center of the Compton peak can be determined.
Due to this, the predicted theory is constant for the complete Compton peak. For
the required Stokes parameters of the incident beam, the results of [27] are used,
which are listed in table 5.2. See for further details subsection 5.2. As mentioned in
subsection 4.1.2, two energy windows with widths of ±1 keV and ±2 keV are applied
in the analysis. In figures 5.1 to 5.5 (e), the different analyzed energy regions of the
Compton distribution are displayed with their ±2 keV window.
Like in subsection 4.3.4, the weighted mean and the corresponding uncertainty of the
results are calculated for each parameter from the yields of both energy windows.
Equations (4.23) and (4.24) are used for the determination. As the influence of the
transferred electron momenta to the scattered photons is of interest in this thesis,
five energy windows (around Epos) across the Compton profile are investigated for
each measurement position of the detector. This includes the center of the peak,
one window at the low energy side and three on the high energy side of the Compton
peak. The latter are marked with a yellow, purple and orange dashed line in figures
5.1 to 5.5 (e). As the statistics decreases with growing distances to the peak center,
also the uncertainty increases. This leads to a lower significance especially for the
position furthest away from to center of the peak. Due to a large influence of photons
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from other processes superimposing the Compton tail of the Compton distribution,
as can be seen in figure 4.2, only one energy is analyzed on the low energy side. In
figures 5.1 to 5.5 (e) it is indicated with a red dashed line. For lower energies the
results would be distorted by this influence.
The obtained results in the peak center agree with the theoretical values for the
two scattering angles illustrated in figure 5.1 (63.4◦, 0◦). In addition, the values
for χ agree for the scattering angles displayed in figures 5.2 (65.2◦, 158◦) and 5.3
(71.7◦, 133◦). Unlike prediction, this is not the case for PL. For the other two
measurement positions shown in figure 5.4 (88.2◦, 161◦) and 5.5 (89.1◦, 136◦), the
results for both polarization parameters do not agree with the theoretical prediction.
The main reason for the deviation is the small number of the Compton peak counts,
especially at the tails of the profile. In particular, this is the case for the scattering
angles (88.2◦, 161◦), since the cross section for completely polarized incident photons
is minimal at polar scattering angles of 0◦, 90◦ and 180◦.
As previously mentioned, for all five measurement positions, the uncertainties rise for
an increasing distance to the peak center. For all analyzed points displayed in figure
5.1, the experimental values overlap with the theoretical predictions of PL and χ.
For PL there could be an indication that the polarization changes for different points
at the Compton peak, but this variation is not significant. The transferred electron
momenta at the analyzed points across the Compton profile are the smallest at the
measurement position (63.4◦, 0◦). This could contribute to the best agreement with
the theoretical predictions. Stronger indications of a change in the polarization can
be found especially for PL and partially for χ from the obtained values of the other
four detection positions. Since at four out of five scattering angles the polarization
does not appear to be constant for the entire Compton peak, this suggests that the
polarization is affected by the momentum of the electron. Enhancing depolarization
appears to occur with increasing transferred electron momentum. One contribution
could originate from the prediction that Compton scattering is completely valid only
for electrons at rest. By the transformation into the rest frame of the electrons both
the photon energy as well as the scattering angle change and lead to deviating results
for PL and χ. In addition, the contribution of the background increases at larger
distances to the peak center and could lead to a depolarization.

52 Master Thesis



5.1 Linear polarization of Compton scattered photons

Table 5.1: Overview of the results of the degree of linear polarization PL and the
orientation of the polarization χ as well as the corresponding theoretical
values. They are given for all analyzed energy positions Epos from each
detection position (θ, φ) of the polarimeter.

(θ, φ) (◦) Epos (keV) PL χ (◦) PL,theory χtheory (◦)
(63.4, 0) 147.2 0.907 ± 0.033 0.9 ± 1.6 0.875 ± 0.029 1.5 ± 3.7

141 0.810 ± 0.042 1.1 ± 2.5
150 0.912 ± 0.042 0.2 ± 1.9
154 0.821 ± 0.048 0.6 ± 2.7
158 0.826 ± 0.079 1.2 ± 3.8

(65.2, 158) 146.1 0.857 ± 0.025 43.9 ± 1.6 0.924 ± 0.012 45.4 ± 2.3
141 0.859 ± 0.037 42.0 ± 2.0
150 0.882 ± 0.047 43.3 ± 1.9
154 0.672 ± 0.069 44.0 ± 3.4
158 0.727 ± 0.078 39.0 ± 4.2

(71.7, 133) 141.9 0.918 ± 0.018 74.5 ± 1.7 0.960 ± 0.029 74.18 ± 0.93
135 0.858 ± 0.035 75.2 ± 2.2
146 0.898 ± 0.029 73.8 ± 2.0
150 0.898 ± 0.045 73.4 ± 2.5
154 0.815 ± 0.061 73.6 ± 3.0

(88.2, 161) 131.5 0.622 ± 0.033 81.8 ± 1.8 0.736 ± 0.037 85.4 ± 1.6
127 0.568 ± 0.044 83.1 ± 2.7
137 0.545 ± 0.057 71.7 ± 3.2
141 0.531 ± 0.079 74.4 ± 4.5
145 0.27 ± 0.11 63 ± 13

(89.1, 136) 131.0 0.843 ± 0.021 87.3 ± 1.1 0.9201 ± 0.0049 89.10 ± 0.51
127 0.801 ± 0.042 86.8 ± 2.0
137 0.846 ± 0.041 83.6 ± 2.0
141 0.738 ± 0.059 88.8 ± 3.1
145 0.647 ± 0.083 87.4 ± 4.5
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Figure 5.1: Characteristic polarization parameters of Compton scattered photons
for the scattering angles θ = 63.4◦ and φ = 0◦. (a) Degree of linear
polarization PL, (b) the orientation of the polarization χ and the Stokes
parameters (c) P1 and (d) P2. The corresponding theoretical values for
electrons at rest are indicated with a green dashed line. The uncertainty
is marked by the green rectangle. (e) Single hit spectrum in the energy
range of the Compton peak, including the corresponding transferred
momentum. The dashed lines corresponds to the investigated energies
with an energy window of ±2 keV.
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Figure 5.2: Characteristic polarization parameters of Compton scattered photons for
the scattering angles θ = 65.2◦ and φ = 158◦. For description of (a) to
(e), see caption of figure 5.1.
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Figure 5.3: Characteristic polarization parameters of Compton scattered photons for
the scattering angles θ = 71.7◦ and φ = 133◦. For description of (a) to
(e), see caption of figure 5.1.
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Figure 5.4: Characteristic polarization parameters of Compton scattered photons for
the scattering angles θ = 88.2◦ and φ = 161◦. For description of (a) to
(e), see caption of figure 5.1.
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Figure 5.5: Characteristic polarization parameters of Compton scattered photons for
the scattering angles θ = 89.1◦ and φ = 136◦. For description of (a) to
(e), see caption of figure 5.1.
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5.2 Linear polarization of the incident beam
The calculated results of the polarization parameters P1,inc and P2,inc of the incident
photon beam are discussed.
For the reconstruction, the Stokes vector Pscat and the transfer matrix T̂ (ext) are used,
as defined in (4.42). Since T̂ (ext) depends on the solid angle element covered by the
detector, the transfer matrix is determined for all positions. They are also utilized in
the determination of the theoretical prediction in subsection 5.1. The results in the
center of the Compton peak, given in table 5.1, are used for Pscat.
For φ = 45◦ or φ = 135◦, the Stokes parameter P1,scat of the scattered photons
becomes independent from the Stokes parameter P1,inc of the incident beam. Due to
this, the two measurement positions close to these scattering angles are only suitable
for determining the polarization parameter P2,inc which is assumed to be close to zero.
As discussed in subsection 5.1, the statistics for the scattering angles (88.2◦, 161◦)
are low and would therefore cause a large uncertainty. This is due to the minimal
cross section at θ ≈ 90◦. In addition, the contribution of the background, whose
polarization is not known, is more dominant. Since two polar scattering angles are
close to 90◦, these measurement points are neglected to avoid the influence of the
singularity. From the remaining detection positions at (63.4◦, 0◦) and (65.2◦, 158◦),
the weighted mean of P inc is determined with equation (4.23) from the results ob-
tained in each case. The uncertainty is calculated as before for weighted means with
equation (4.24). It is assumed, that the polarization of the PETRA III beam is con-
stant over time.
The results are summarized in table 5.2. It is expected that the incident beam is
highly linearly polarized in the reference plane. Therefore P1 should be close to +1
and P2 near 0. In addition, reference values for the Stokes parameters of the incident
beam are listed [27]. These reference values were obtained via an analysis of the
angular-differential cross section of Rayleigh scattering. Since this can be done with
a lower uncertainty, these results were used to calculate the theoretical prediction of
the polarization parameters given in subsection 5.1. The obtained values in this thesis
are in good agreement with the expectation as well as the results from the Rayleigh
peak.

Table 5.2: Reconstructed Stokes parameters of the incident photon beam from the
Compton peak. In comparison to the results from the Rayleigh peak [27].

Stokes parameter Compton peak Rayleigh peak
P1,inc 0.980+0.020

−0.040 0.988 ± 0.005
P2,inc −0.012 ± 0.058 0.023 ± 0.042
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6 Summary
The polarization of Compton scattered photons was investigated in this thesis. In
particular, the polarization characteristics at various positions of the Compton profile
were of interest. This results in an analysis of the influence of the high electron mo-
mentum transfer at the tails of the Compton peak on the polarization of the scattered
photons.
The experiment was performed at the DESY facility. Here, the High Energy Materials
Science beamline P07 at the synchrotron radiation source PETRA III was used. The
provided photon beam was set to an energy of 175 keV. A 1µm thick gold foil was
used as high Z scattering target. The foil is sufficiently thin so that multiple scatter-
ing inside the target can be neglected. It was placed in a vacuum chamber. Due to
the evacuated target chamber, the scattering of the beam in air is minimized. At the
various flanges of the chamber, two solid state detectors were operated. The incident
synchrotron beam is assumed to be highly linearly polarized parallel to the floor of the
target chamber. This plane is taken as the reference plane of all measurements. In
this plane, a HPGe detector was positioned for different polar scattering angles. This
detector was employed to yield high resolution energy spectra. From these data, the
differential cross section of Rayleigh scattering was determined [27]. The results were
used to obtain the Stokes parameters of the incident beam. The second detector is a
Si(Li) strip detector that was placed in- and outside the reference plane at different
scattering angles. This detector serves as a highly efficient polarimeter in the hard
x-ray regime based on Compton scattering on the detector crystal. With this Comp-
ton polarimeter, the linear polarization of the scattered radiation was investigated.
For the determination of the polarization parameters of the scattered radiation, the
constant polarization of the synchrotron beam is employed. In addition, the Monte
Carlo simulated spectra of different polarization orientations are used. The theoretical
predictions were calculated using the transfer matrix formalism. For the Stokes pa-
rameters of the incident photon beam, the yields from [27] were taken as reference.
An overview of the results of the polarization parameters are given in table 5.1. The
deviation of the obtained values from the different positions of the Compton profile
and thus from the theoretical prediction, indicates that the polarization is not con-
stant across the peak. Instead, a depolarization along the tails is indicated. This
pattern can be seen for the degree of linear polarization PL and the orientation of
polarization χ at four of five detection positions. Therefore, the influence of the elec-
tron momentum on the polarization of the photon seems to be insufficiently taken
into account. It has to be considered that for many analyzed points the statistics
were relatively low, which caused comparably large uncertainties.
For the incident photons, the Stokes vector was reconstructed from the polarization
parameters obtained from the Compton peak center. The data from the scattering
angles (63.4◦, 0◦) and (65.2◦, 158◦) were used to determine P inc. As expected, P1,inc
is close to +1 and P2,inc near 0. The results obtained from the Compton peak agree
with those from the Rayleigh peak, see table 5.2. Since the uncertainties are larger
than the error resulting from the Rayleigh scattering analyzes, the latter values are
used to calculate the theoretical polarization parameters of the scattered photons.
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7 Outlook

The measured polarization parameters of Compton scattered photons indicate that
the polarization varies across the peak. This shows that electron momentum needs
to be taken into account in theoretical predictions, especially for high transferred
electron momenta. In this domain, improved theoretical models could enhance the
understanding of the polarization effects of Compton scattered photons.
To further analyze the effects of high electron momenta on the polarization, another
experiment could be conducted to investigate only the photons that Compton scat-
tered at an electron of the K-shell. Thereby, a photon Compton scatters from an
electron of the K-shell. The Compton scattered and the subsequent emitted Kα or
Kβ photon would then be detected in coincidence. This allows to limit the analysis
to Compton scattering on the K-shell electrons of the target atoms. As in the experi-
ment discussed in this thesis, a polarimeter could be used to measure the polarization
of the scattered photon. The disadvantage of this experiment is that the Kα and
Kβ emission occurs isotropically. Furthermore, the photon flux should not be too
large, otherwise the fluorescence photon and the Compton scattered photon cannot
be assigned to each other. To achieve a sufficient count rate, several detectors are re-
quired to measure the fluorescence in order to cover a large enough solid angle. HPGe
detectors would be suitable for this purpose. The effect of the electron momentum is
maximized for the selected scattering events, since the electrons of the K-shell have
the largest momentum in any target atom. Thus, this condition deviates as far as
possible from the assumptions of the impulse approximation.
The photon energy used was 175 keV, a next step could be to investigate the polariza-
tion characteristics for various scattering processes at higher energies. For example,
Delbrück scattering [81, 82] gains importance among the elastic scattering processes
at energies close to 1 MeV. This requires a radiation source that can provide this
energy with a high degree of linear polarization. Furthermore, the polarimeter used
in this thesis would not be suitable, due to the particularly low efficiency at this
high energy. Only experiments with photon energies up to 300 keV can be performed
with a relatively high efficiency [16]. Instead of silicon, germanium could be used as
the crystal material. Germanium polarimeters have already been used in our group
[83, 84]. In the energy regime of about MeV, these detectors also have a too low
efficiency and have therefore not operated at such high energies. In addition, these
germanium detectors were not designed as polarimeters. The pixels are not square
and have a small area. This leads to a larger charge sharing, in particular at high
energies. To extend the energy range, in which the Compton polarimeter used in this
thesis can operate efficiently, it will be equipped with a second crystal to create a
telescope Compton polarimeter [16]. Figure 7.1 shows a cross section view of the ex-
tended detector. A germanium crystal will be installed behind the silicon. The latter
is then positioned behind the already existing Si(Li) crystal in a telescope structure.
Like the silicon crystal, the germanium is segmented with 32 strips on the front and
backside that are individually connected to a cooled preamplifier. At higher energies,
the contribution of forward scattered Compton photons becomes larger. Due to the
telescope structure of the detector, photons that are scattered in the forward direc-
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Figure 7.1: Cross section view of the extended Compton polarimeter. Adapted from
[16]

tion in the silicon crystal can subsequently be absorbed by the germanium crystal.
This structure of the detector can greatly increase the efficiency of the polarimeter
for higher energies.
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