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Zusammenfassung

In der vorliegenden Arbeit wurde die lineare Polarisation der Bremsstrahlung un-

tersucht, die in Stößen von transversal und longitudinal polarisierten Elektronen mit

Goldatomen entsteht. Das Experiment wurde am Mainzer Microtron MAMI im In-

stitut für Kernphysik der Johannes Gutenberg-Universität Mainz durchgeführt. Spin-

polarisierte Elektronen mit einer kinetischen Energie von 2.15 MeV kollidierten mit

einem dnnen Goldtarget und produzierten Bremsstrahlung. Die lineare Polarisation der

emittierten Photonen wurde mithilfe der Compton-Polarimetrie, angewandt auf einen

segmentierten HP-Germanium-Detektor, gemessen. Experimentelle Ergebnisse zeigen

eine starke Korrelation zwischen der Elektron-Spin-Orientierung und der linearen Polar-

isation der Bremsstrahlung. Dies deutet auf eine dominante Rolle des Elektronenspins

in Elektron-Kern-Bremsstrahlung und Coulomb-Streuung.

Abstract

The thesis reports on the measurement of bremsstrahlung linear polarization pro-

duced in collisions of longitudinally and transversely polarized electrons with gold

atoms. The experiment was performed at the Mainzer Microtron MAMI in the Insti-

tut für Kernphysik of Johannes Gutenberg-Universität Mainz, Germany. Spin-oriented

electrons with 2.15 MeV kinetic energy collided with a thin golden target and produced

bremsstrahlung. Linear polarization of the emitted photons was measured by means

of Compton polarimetry applied to a segmented high-purity germanium detector. Ex-

perimental results reveal a strong correlation between the electron spin orientation and

bremsstrahlung linear polarization. This indicates a dominant role of the electron spin

in atomic-field bremsstrahlung and Coulomb scattering.
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Chapter 1

Introduction

Atomic-field bremsstrahlung, which is the emission of a photon during the electron

scattering on a nucleus, is a dominant process in relativistic electron-atom collisions.

For the first time it was observed by Röntgen in 1895 when he discovered x rays and the

bremsstrahlung spectrum was first interpreted by Sommerfeld back in 1913 [1]. Over

the last hundred years bremsstrahlung has been actively studied both theoretically and

experimentally. Its cross section, angular distribution and polarization were measured.

Bremsstrahlung is an important tool in many areas of experimental research, as astro-

physics [2] and plasma physics [3, 4] and many technical fields. It is commonly used

as a source of radiation for the industrial and medical purposes. Apart from the in-

terest in the process itself, there is a number of reasons why bremsstrahlung plays an

important role in modern physics. Of particular interest is a hard-photon end of the

bremsstrahlung spectrum. Here, the decelerating electron transfers all of its kinetic

energy to the emitted photon. This part of the spectrum is known as the short wave-

length limit, as the photon energy E = h̄ω = hc/λ is maximum. At the tip of the

spectrum bremsstrahlung can be considered as a time-reversal of photoeffect [5, 6], and

additionally is closely related to the process of radiative recombination of a continuum

electron into an unoccupied bound state [7, 8]. Therefore studies of bremsstrahlung

also help to better understand these fundamental physical processes. Fig. 1.1 shows
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Introduction

the similarity between the upper-mentioned processes.

Figure 1.1: Correlation between photoeffect (a), radiative recombination (b) and bremsstrahlung in

Coulomb scattering (c).

Bremsstrahlung arises due to the decelerated motion of the electron in the Coulomb

field of the atomic nucleus. Emitted x rays contain important information about the dy-

namics of an electron scattering. Of particular interest is the photon linear polarization,

as it is defined by the scattering plane, i.e., by the electron acceleration direction [9].

Moreover it was already predicted in 1960s that the polarization of bremsstrahlung

is affected by the initial electron spin orientation [10, 11]. Hence, accurate studies of

polarization of photons emitted in electron-atom collisions should lead to better under-

standing of the electron motion in the strong Coulomb field of the nucleus.

The influence of the spin on the electron scattering dynamics becomes quite signifi-

cant at relativistic energies. It occurs due to the extremely strong fields experienced by

the electron. In particular, the magnetic field induced by the upcoming nucleus in the

electron rest frame becomes strong enough to interact with the electron spin. The spin-

orbit interaction results in Mott scattering asymmetry when the electrons are polarized

perpendicularly to the scattering plane [12, 13]. Analogous to the Mott scattering, the

left-right asymmetry in bremsstrahlung emitted by transversely polarized electrons was

studied theoretically [14, 15] and observed experimentally [16, 17]. However, experi-
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Introduction

mental investigations of the influence of spin-orbit interaction on the bremsstrahlung

polarization have been performed only recently.

Theoretical calculations of polarization correlations between incident electron and

the emitted photon were performed by Tseng and Pratt already in 1970s [18, 19]. The

experimental studies were stalled for a long time due to the complexity and high require-

ments to the measurement resolution. Due to the recent progress in manufacturing the

novel positional and energy sensitive solid state detectors the effective studies of pho-

ton linear polarization become possible. Within last 8 years two bremsstrahlung experi-

ments with 100 keV electrons have been performed [20, 21]. Moreover, for the first time

both photon and electron polarization were controlled at the same time. These mea-

surements unambiguously indicated the rotation of bremsstrahlung linear polarization

as a result of the spin-orbit interaction. In this work we extended the upper-mentioned

experimental studies and measured the linear polarization of bremsstrahlung emitted by

2 MeV electrons. At higher electron energies this effect is predicted to decrease [22, 23].

Therefore our experiment indicates an important benchmark for bremsstrahlung theo-

ries providing the measurement of polarization correlation in the energy range where it

reaches its maximum.

Theoretical approach of Tseng and Pratt, which is based on the relativistic partial-

wave representation of the electron motion in a static (screened) potential of a target

atom, requires high computational resources. With the increase of electron energy

large number of partial waves have to be utilized in order to achieve convergence. So

far such calculations have been extended up to 2 MeV by Yerokhin and Surzhykov [24].

For higher energies D. Jakubassa-Amundsen presented the series of calculations within

the Sommerfeld-Maue approximation [22]. Private communication with the upper-

mentioned authors indicated that none of the theories was able to give reliable predic-

tions for the electron energies between 2 and 5 MeV.

This work concentrates on two major tasks. First: experimental study of the corre-
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lation between the electron spin orientation and the bremsstrahlung linear polarization

for the x-ray energies of about 2 MeV and testing the relativistic partial-wave predic-

tions at their energy limit. Second: description of the Compton polarimetry technique

applied to the positional sensitive segmented germanium detector as well as the presen-

tation of the novel method of background suppression by means of Compton imaging.

The thesis is organized in a following way. Chapter 2 contains the introduction into

the x-ray polarimetry including the information about the main ways of interaction of

photons with matter, required for understanding the principles of operation of solid

state detectors. In this chapter we characterize different types of x-ray detectors and

techniques allowing to increase the measurement resolution. In Chapter 3 theoretical

and experimental studies of electron - nucleus (or ordinary) bremsstrahlung are dis-

cussed in detail along with a brief information about other types of bremsstrahlung.

There we define all the necessary terms for the further discussion of our experimental

work. In Chapter 4 we present our measurement of the bremsstrahlung polarization

correlations and describe the facility where the experiment was performed. In Chapter 5

the detailed description of the data analysis is presented including the novel algorithm

of the background suppression by means of Compton imaging. Chapter 6 contains the

obtained results, their interpretation and comparison with the theory and in Chapter 7

we give a summary of the performed work.

4



Chapter 2

X-Ray and γ-Ray polarimetry

In this chapter we overview the experimental investigation of the photon polarization.

We will consider and compare different types of γ-ray detectors and discuss the tech-

niques of Compton imaging and the pulse shape analysis which allow to significantly

improve the polarimetry precision.

Depending on the initial photon energy different techniques are applied for polar-

ization studies. For the low-energy regime from around 1 to 10 keV Bragg-, Thomson-,

or Rayleigh scattering can be used [25–27]. The latter is efficient up to ∼100 keV. For

hard x rays from 10 keV up to several MeV Compton polarimetry is employed. We will

consider this technique in more details since we used it in our experiment. Investiga-

tions of photon polarization in the energy range of GeV require polarimeters based on

the pair production process [28].

2.1 Interaction of x rays with matter

A photon passing through matter doesn’t loose its energy continuously. The energy

depositions occur in discrete interaction points. Unlike charged particles, electrically

neutral photons are not affected by Coulomb fields of electron’s nuclei. Depending on

its energy the photon can interact with matter through the following processes:
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CHAPTER 2: X-Ray and γ-Ray polarimetry

1. Photoelectric absorption

2. Compton scattering

3. Rayleigh scattering

4. Pair production.

Fig. 2.1 shows the cross sections of the upper-mentioned processes as a function of

the photon energy in the case of germanium atoms. Within the interval between 100 keV

and up to several MeV Compton scattering and photoabsorption are dominant. This

is a typical energy range for Compton polarimetry. We will discuss this technique in

details in Section 2.8.
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Figure 2.1: Different ways of photon-matter interaction. Data taken for germanium atoms [29].
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2.1. Interaction of x rays with matter

2.1.1 Photoelectric absorption

A photon may get fully absorbed by an atom. In this case the excited electron is ejected

from its bound shell. The kinetic energy of the emitted electron is given by:

E = h̄ω − Ebind, (2.1)

where h̄ω is the photon energy and Ebind is the binding energy of the electron. Significant

increases in the photoabsorbtion cross section (see Fig. 2.1) correspond to binding

energies of different atomic shells. As the photon energy exceeds a binding energy of a

certain shell, more electrons become accessible.

The cross section of the phototoelectric absorption is given by:

σ ∼ Zn/(h̄ω)
7
2 , (2.2)

where Z is the atomic number and exponent n varies between 3 and 5 over the γ-ray

energy region. High dependence on Z explains the usage of heavy materials (for example

lead, Z = 82) for x-rays shielding.

2.1.2 Compton and Rayleigh scattering

An inelastic scattering of a photon on a free or quasi-free electron is called Compton

scattering. Unlike the photoelectric absorption, here a photon transfers only part of

its energy to an electron and retains a certain momentum after the interaction. The

geometry of Compton scattering is shown in Fig. 2.2. Due to the momentum and

parity conservations the trajectories of the incoming and scattered photons as well as

the propagation direction of the recoiled electron lie within one plane.

The process of Compton scattering is described by the following expression combin-

ing the initial and the scattered photon energies h̄ω and h̄ω′:

h̄ω′ =
h̄ω

1 + h̄ω/mc2(1− cos θ)
, (2.3)
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Figure 2.2: Schematic of Compton scattering. h̄ω and h̄ω′ are the energies of the photon before and

after the collision respectively. e− denotes the recoiled electron. θ is the photon scattering angle.

The energy of the outgoing photon is defined by the scattering angle θ. The recoiled

electron obtains the energy Ee = h̄ω − h̄ω′. Inserting this expression in Eq. 2.3 we get

a dependence of the electron recoil energy on the scattering angle:

Ee =
(h̄ω)2

mc2
(1− cos θ)

1 + h̄ω
mc2

(1− cos θ)
. (2.4)

We assume that the initial electron kinetic energy is zero. In reality electrons are

bound to atoms, so that the “free electron” approximation is valid only when the energy

of the incoming photon is much higher than the electron binding energy.

The angular dependence of energy loss of a 2 MeV photon is shown in Fig. 2.3. The

energy of the scattered photon is larger than the energy of the recoil electron only at

forward angles. The energy Ee transferred to the electron increases together with the

scattering angle θ and reaches its maximum at θ = 180◦.

At the low energy limit, when h̄ω << mc2, the energy transferred to a recoil electron

decreases and Compton scattering reduces to Thomson scattering. The cross section of

Thomson scattering doesn’t depend on the photon energy and frequency and is defined
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2.1. Interaction of x rays with matter
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Figure 2.3: The energy of the outgoing photon h̄ω as a function of the scattering angle θ. At θ > 42◦

the photon transfers most of its energy to the recoil electron.

by:

σ =
8π

3
r2
e = 6.652× 10−25cm2, (2.5)

where re = e2

mec2
= 2.8 × 10−13cm is the classical electron radius, i.e., the radius of a

hollow sphere which surface contains uniformly distributed electron charge e and whose

electrostatic energy is equivalent to the electron rest energy.

Compton scattering is sensitive to the linear polarization of the incoming x rays.

Photons scatter predominantly perpendicular to the polarization plane forming a dipole-

like distribution, as shown in Fig. 2.4 [30].

The differential cross section of Compton scattering, which includes photon po-

larization and explains the angular distribution shown in Fig. 2.4, is given by the
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Figure 2.4: Angular distribution of Compton scattered photons with initial vertical polarization ~E.

ϕ is the azimuthal scattering angle.

Klein-Nishina formula [9, 31, 32]:

dσ

dΩ
=
r2

0

2

h̄ω′2

h̄ω2
(
h̄ω′

h̄ω
+
h̄ω

h̄ω′
− 2 sin2 θ cos2 ϕ), (2.6)

where dΩ is a solid angle element, θ is the polar scattering angle as in Fig. 2.2 and ϕ is

the azimuthal scattering angle (see Fig. 2.4). The sensitivity of Compton scattering to

photon polarization is exploited in the Compton polarimetry technique. By measuring

the angular distribution of scattered photons one can study the polarization properties

of the photon beam. In germanium Compton scattering dominates in the energy interval

between 100 keV and 10 MeV. Due to this fact germanium detectors are ideal for hard

x-ray polarimetry as they provide excellent position and energy resolution required for

polarization studies.

Photon scattering on the electron which then remains bound is called Rayleigh scat-

tering. Unlike Thomson scattering it depends on the atomic number of the target, the
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2.1. Interaction of x rays with matter

incoming photon energy and takes into account interaction between multiple electrons.

Coherent contribution from many bound electrons significantly increases the Rayleigh

scattering cross section. The energy deposition for Rayleigh scattering can be estimated

by replacing me in Eq. 2.4 with a mass of an atom. For a 60 keV photon scattering at

180◦ in lead we get Ee ∼ 37 meV. The negligible energy deposition during scattering

is exploited in the newly developed technique of Rayleigh polarimetry [27]. Photons

get scattered in a lead foil and their angular distribution is measured with a position

sensitive detector.

2.1.3 Pair production

Pair production is the creation of an electron and a positron as a result of interaction of

a photon with a nucleus (pair production in the field of an electron is also possible but

far less likely). The photon must have enough energy to create the mass of the electron

and the positron, therefore the energy threshold for pair production is Emin = 2mec
2 =

1022 keV. The kinetic energy of two particles will then be the difference between the

initial photon energy and the energy required to create the pair:

Ee+ + Ee− = h̄ω − 2mec
2. (2.7)

The produced positron annihilates with an electron in the target material in the

vicinity of the initial interaction an produces two 511 keV photons. In germanium pair

production dominates at energies higher than 10 MeV (see Fig. 2.1).

2.1.4 Photon attenuation

When a photon beam traverses matter, part of it gets deflected or absorbed. However,

some photons pass through without any interaction. The number of passed photons

depends on several factors as the density and thickness of the material, the intensity of

the photon beam as well as its initial energy.
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Figure 2.5: Dependence of the mass attenuation coefficient µ0 on photon energy in lead, Z = 82. [33]

The attenuation of photon beam of initial intensity I0 by a layer of material with

density ρ is given by:

I

I0

= e−µ0ρx, (2.8)

where I is the intensity of the outgoing beam, µ0 is the mass attenuation coefficient

and x is the material thickness. The values of µ0 are now calculated in the wide range

of photon energies for different elements and published in the form of tables [33]. In

Fig. 2.5 the stopping power of lead is shown as a function of photon energy.

2.2 Scintillators

In a scintillator detector, a charged particle or a γ ray is converted into optical photons.

When combined to an amplifying device such as a photomultiplier or an avalanche photo

diode, these photons can be converted into electronic signals. Generally scintillators

can be divided into organic and inorganic. The most common organic scintillators

are trans-stilbene (C14H12), naphthalene (C10H8) and plastic polystyrene. They have

the extremely short time response of the order of a few nanoseconds. Due to this
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2.3. Principles of operation of semiconductor detectors

reason they are typically used for a fast detection of charged particles. On the other

hand organic scintillators are characterized by a relatively low energy resolution. The

inorganic scintillators are usually the alkali halide crystals with some activator impurity,

for example NaI(Tl) and CsI(Tl). Due to a better energy resolution than organic

scintillators these detectors can be used for a γ-ray spectroscopy. Among the non-alkali

materials are lutetium orthosilicate (LSO) and bismuth germanate (BGO). The time

resolution of inorganic scintillators is generally 2-3 orders of magnitude lower than of

organic ones (∼ 500 ns). The exception is CsF and BaF2 with decay times of ∼ 5 ns

and ∼ 500 ps respectively. However, their use is limited by lower energy resolution.

2.3 Principles of operation of semiconductor detec-

tors

In a pure intrinsic (undoped) semiconductor the electron density n and hole density p

are equal. Typically in a room temperature in a 1 cm × 1 cm × 300 µm germanium

plate there are ∼ 3 × 1015 free charge carriers. A 10 keV photon generates only 3.4×103

e-h pairs, which would be impossible to resolve. Therefore, in order to obtain a signal,

the amount of free charges has to be reduced, i.e., detector has to be depleted. All

present-day germanium detectors are based on a semiconductor junctions (see Fig. 2.6).

Combining p- and n-type semiconductors causes the drift of electrons from n- to p-

region, while holes drift from p- to n-region. As a consequence, extra electrons fill

up holes in p-part and in n-region electrons get recombined by diffused holes. This

processes alter the initial charge distribution in the zone around the interface between

two materials and both p- and n-regions obtain different potentials. This creates the

electric field which gets stronger as more electrons and holes get recombined in different

parts of the junction. As the electric field increases a region with no free charges is

formed. This region is known as the depletion zone. It is radiation sensitive. A photon

13
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passing through the depletion zone liberates electrons and holes, which are then swept

by the electric field towards the p- or n-region. Placing an electric contact on the either

side of the pn-junction allows to measure the induced charges, which are proportional

to the energy deposited by the photon.

p n

E

E
Electric 

field

Figure 2.6: Schematic of an pn-junction. The intrinsic electric field is the strongest around the

interface between p- and n-type materials.

In general, depletion zone is rather thin and the intrinsic electric field is not strong

enough to provide the effective charge collection. The depletion zone of a pn-junction

can be extended by applying the external reversed bias voltage, i.e., negative voltage to

the p-side. The external electric field also provides a better charge mobility and thus

increases the time and energy resolution of the detector [34, 35].

Compared to scintillators germanium detectors provide much better combination of

energy and time resolution in the energy interval between a few keV and ∼ 10 MeV.

Fig. 2.7 compares the spectra of 60Co measured with NaI and High Purity Germanium

(HPGe) detectors.
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Figure 2.7: 60Co spectra taken with HPGe and NaI detectors [36].

The significant difference in energy resolution is clearly visible. Moreover, due

to higher photoabsorption cross section germanium detectors have greater peak-to-

Compton ratio.

2.4 Silicon detectors

Silicon detectors have a slightly worser energy resolution as compared to germanium (see

Fig. 2.8). One of the reasons is the higher energy required for a pair creation (3.62 eV

against 2.98 eV in germanium). Additionally currently it is technically impossible to

obtain a high purity silicon. Impurities generate leakage current that increases the

detector’s noise. However, Si detectors have one big advantage - they don’t have to

be operated at LN2 temperatures (except from the old lithium-drifted silicon diodes,

Si(Li), that have to be kept at cryogenic temperature in order to maintain the lithium-

drifted compensation). The combination of a good energy resolution, ability to operate

at room temperatures and relatively low prices make Si detectors one of the most widely
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used not only in physics experiments but also in medicine.
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Figure 2.8: Energy resolution of Si and Ge detectors based on statistics of charge carriers.

2.4.1 Silicon diode detectors

Silicon diode detectors, or PIN diodes, are composed of three differently doped lay-

ers of silicon (see Fig. 2.9). Compared to a pn-junction, a PIN diode has a thicker

depletion zone, which allows for a more efficient collection of photons and lowers the

capacitance. Thus a PIN diode provides a better signal-to-noise ratio and a higher

detection energy bandwidth. Most of the photons are absorbed in the intrinsic region.

The generated electrons and holes are separated by the electric field and drift towards

the corresponding electrodes.

The voltage Vd necessary to fully deplete the diode with depth d and resistivity ρ

can be estimated with the following equation [37]:

Vd = 4

[
Ω cm

(µm)2

]
d2

ρ
− 0.5V (2.9)
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Figure 2.9: A schematic of a PIN diode. An anode has a geometry of a ring and is shown in cross

section. SiO2 layer is used for electric insulation of anode from intrinsic material.

The usual working voltage for the PIN diodes is in the order of 50 - 80 V. Higher

voltages can lead to a breakdown and destroy the detector.

2.4.2 Double sided silicon strip detectors

Similarly to their germanium analogues, silicon detectors can also be made positional

sensitive. Planar detectors are most commonly segmented into strips either from one or

both sides. In Fig. 2.10a the geometry of a double sided silicon strip detector (DSSSD)

is shown. Opposite electrodes are divided into system of strips providing x and y

coordinates of the interaction. Since the incoming photon generates equal numbers of

electrons and holes, the signals on both sides of the detector should be identical while

the pulse height varies for different energies. In case of multiple detection this helps

correlating the measured x and y coordinates.

Positive charges present in SiO2 attract electrons from Si layer. Those electrons

accumulate under the Si-SiO2 surface and cannot be removed due to the bias voltage.
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Figure 2.10: Design of a DSSSD. Every strip is equipped with an Al contact. On the n+ side (b) n+

strips are separated by p+ strips to avoid the attraction of electrons from n-layer by a positive space

charge. The SiO2 insulating layer is shown only at the right part of the figure.

To avoid the short circuit, n+ stripes are electrically separated by blocking p+ stripes

(see Fig. 2.10b).

2.5 Germanium detectors

HPGe detector can be produced both from the n- and p-type germanium with a net

impurity concentration of ∼ 1010 atoms/cm−3. The electric contacts of a detector

are made by boron implantation on one side and by lithium drift on the other side.

Depending on a conducting type the bulk crystal forms the pn-junction either with the

Li-drifted (p-type) or with the boron implanted (n-type) contact.

Germanium detectors can have planar (electric contacts are placed symmetrically

on the opposite sides of the crystal) and coaxial (normally cylindrical crystal with one

contact on the outer surface and second contact on the cylinder’s axis) geometry. In

a coaxial detector due to its geometry the electric field is stronger around the inner

contact. In such detectors the depletion starts from the outer contact. Therefore, in

a p-type germanium the outer contact has to be lithium-drifted and in a n-type it

should be boron-implanted. Since the thick Li-drifted contact provides a certain x-ray

18
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shielding, n-type coaxial detectors are preferred for low energies. In a planar detector

contacts are symmetric and the electric field is more homogeneous. Therefore, planar

detectors are usually produced from a p-type germanium, since it is technically easier

to obtain.

Due to the low band gap germanium detectors have to be operated at cryogenic

temperatures in order to reduce the thermal creation of e-h pairs. Generation of the

free charge carriers within the depleted zone increases the noise and reduces the energy

resolution. Normally germanium detectors are placed in vacuum chamber which is

attached to a LN2 dewar (T = 77 K).

In past HPGe detectors could not be produced. Therefore lithium drifted germa-

nium detectors were exploited. In order to preserve the necessary lithium concentration

such detectors had to be constantly kept at cryogenic temperatures. The detailed de-

scription of Ge(Li) detectors can be found in Ref. [38, 39]. We will not discuss them

here as the Ge(Li) detectors are now out of date and get replaced by HPGe detectors.

2.5.1 Segmented germanium detectors and γ-ray arrays

Detectors with segmented electric contacts can provide information about the loca-

tion of the x-ray interaction points. For this, each segment should be equipped with

an individual preamplifier that converts the collected charge into voltage. Type of

segmentation depends on a detector’s geometry (see Fig. 2.11). The positional res-

olution is limited only by the geometrical size of the segments and can reach a few

tens of µm [40]. Normally such detectors provide only 2D positional sensitivity. The

interaction depth can be obtained from the charge drift times or by applying the pulse

shape analysis (PSA) that has been actively developed for the different detector types

in the last decade. Both energy and position resolving detectors open new possibilities

in high precision γ-ray spectroscopy. For example in experiments where photons are

emitted from the fast ion beams, segmented detectors allow for improved determination
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of the emission angle with respect to the ion beam an thus Doppler correction of photon

energies can be performed event by event.

b

n-type

germanium

n- Li contact

p+ B contact  

preamplifier

a

Figure 2.11: Schematic of planar (a) and coaxial (b) segmented detectors.

In order to obtain a larger space coverage, single germanium detectors can be com-

bined into arrays. Nowadays a number of such γ-ray spectrometers is used for nuclear

physics experiments. MINIBALL at CERN [41] and TIGRESS at TRIUMPH [42] con-

tain 24 and 12 highly segmented coaxial HPGe detectors respectively. Despite the large

size of the germanium crystals, these arrays provide relatively poor peak-to-total ratio,

since large number of photons escape before being fully absorbed. In order to resolve

and filter out such events and thus to suppress the Compton background, germanium

detectors are surrounded by a BGO scintillators that detect the escaped photons. Al-

though the BGO shield significantly improves the peak-to-total ratio, it also covers a

large solid angle and thus reduces the total efficiency of the detector array. This lim-

itation can be overcome by removing the scintillator shielding and exploiting a larger

number of closely-packed germanium detectors instead. In this case the photon that

escapes one detector has a probability to get absorbed in another one. Several novel

4π detector arrays are currently being constructed: AGATA [43] and DESPEC [44] in
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2.5. Germanium detectors

Europe and GRETA [45] in the USA. Schematic design of AGATA array is shown in

Fig. 2.12. It contains 180 hexagons formed by highly segmented coaxial HPGe detec-

tors.

Figure 2.12: Geometry of AGATA. Empty pentagons can be used to deliver the beam inside the

array.

Due to the close-packing detector geometry the efficiency for the photon full ab-

sorption is considerably higher than in last generation γ-ray spectrometers, as a large

fraction of photons that Compton scatter between the detectors eventually deposit all

of their energy in the detector’s active volume. At high rates γ-ray tracking algorithm

is applied to distinguish between the events where two photons hit the adjacent seg-

ments and where the single photon scattered from one segment to another. Pulse shape

analysis is used to determine the 3D coordinates of interaction within the single seg-
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CHAPTER 2: X-Ray and γ-Ray polarimetry

ment, which makes the tracking much more efficient. We will consider PSA and γ-ray

tracking in more details in the next sections of this chapter.

2.6 Pulse shape analysis

Position resolution of segmented detectors is determined by the granularity. The past

few decades have established the increasing demand of high positional sensitivity. In

principal this can be achieved by increasing the number of segments which is rather

complicated technically and therefore boosts the detector’s price. As an alternative at

the beginning of 2000s the concept of pulse shape analysis (PSA) has been introduced.

It allowed to determine the location of the photon interaction with about ten times

higher precision that is given by the physical segmentation of a detector [46].

When entering the detector an ionizing particle induces a cloud of electrons and

holes. Under the influence of the bias electric field they drift towards the detector’s

electrodes. The motion of charge carriers induces a so-called net charge signal in the

segment where the interaction took place and transient signals in the neighboring seg-

ments. The combination of these pulses gives an unique indication of the interaction

location. The closer the segment to the energy deposition point the higher is the am-

plitude of the transient signal. Moreover, the shape and the polarity of the transient

pulse vary with the depth of interaction. The dependence of the charge collection and

transient pulses on lateral and depth position of interaction is presented in Fig. 2.13.

Within our experiment we applied PSA based on the matrix method, developed

by A.Khaplanov [48]. Signals from all the 25 detector pixels were combined into one

vector ~S, which is then decomposed into the linear combination of basis pulses for

a set of grid points throughout the detector. A database of basis pulses is a set of

simulated detector’s responses to a point-like energy depositions, generated on a 2 mm

grid, yielding 250 samples per segment. If xi is the energy deposited to a certain grid

point i and mi is the corresponding basis signal, the experimental vector ~S can be
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Figure 2.13: Charge signals as a function of depth (a) and lateral position (b) of interaction [47].

(a) - the faster rising signals in segment 13 and the positive transient pulses in segment 14 correspond

to interaction points closer to the positive segmented contact. (b) - the transient signals with larger

amplitude in correspond to the interactions closer to segment 14.

written as:

~S = m1x1 +m2x2 + ...+mnxn = Mx. (2.10)

where vector x consists of energy depositions to every grid point and M is the matrix

containing all the basis signals.
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Figure 2.14: Typical result of the fitting 2.10 displayed in detectors volume (a) and in 2D projection

(b). Number of the grid points corresponding to a point-like interaction is generally spread over the

pixel [47].

Solving Eq. 2.10 yields the number of the grid points with the non-zero energy

depositions (see. Fig 2.14). The interaction location is then determined as their super-

position considering the deposited energy of the point as its statistical weight.

2.7 Compton imaging

The technique of Compton imaging allows to visualize the source of the detected radi-

ation. It is mostly applied in γ-ray astronomy [49] but in recent years has also been

used in laboratory physics experiments.

The concept of Compton imaging is based on the correlation between the energy

the electron receives in a Compton scattering to an angle between the incoming and

outgoing photon directions (see Eq. 2.4). In Fig. 2.15 the algorithm of Compton imaging

is presented. The possible incoming photon directions are limited to the surface of a

cone, built on the line connecting two points of interactions Ee and h̄ω′. The cone angle

θ is the polar Compton scattering angle obtained with Eq. 2.3. The cones built for each

registered event are projected onto a sphere enclosing the detector. The projections
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intersect and form an image.

Figure 2.15: The algorithm of Compton imaging. (a) The line between energy depositions h̄ω′ and

Ee defines the cone axis. The angle θ is derived from the Compton scattering formula (2.3). (b)

Intersection of the cone projections onto a hemisphere represent the source of the detected x rays.

In Fig. 2.16 a number of cone projections is presented [47]. Note that this figure

illustrates only a half of the sphere, therefore several projections are not visible com-

pletely. This is caused by the fact that photons scatter predominantly perpendicular

to their initial direction and a most of the reconstructed cons are thus very wide and

intersect with the complete sphere.

The situation shown in Fig. 2.16 is only achievable in case of the ideal detector.

In a real experiment due to the limited position and energy resolutions, there is an

uncertainty in determination of the cone axis and the photon scattering angle. When

the points of interactions are close together, the cone axis is more sensitive to the

position uncertainty which increases the error in determining the x ray source. The

dependence of the angular resolution on the distance between the interactions was

demonstrated in [50].
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Figure 2.16: Formation of a Compton image by the projections of the reconstructed cons onto a

hemisphere. Here a hemisphere is mapped onto a square similarly to a geographical world map [47].

2.8 Compton polarimetry

The principles of Compton polarimetry have been introduced in the middle of the last

century [51]. The method is based on the sensitivity of Compton scattering to polar-

ization of incoming photons. Linearly polarized scattered photons form a dipole distri-

bution (see Fig. 2.17), which is described by the Klein-Nishina formula (Eq. 2.6). From

fitting the measured angular distribution of scattered photons with the Klein-Nishina

equation the polarization properties of the incoming photon beam can be extracted.

The anisotropy and the tilt angle of the angular distribution contain information about

the degree of polarization P the orientation of polarization vector (see Fig. 2.17). The

Stokes parameters P1 and P2, described in Section 3.1.3, can be measured by means of

Compton polarimetry.

Experimentally Compton polarimetry can be realized in a number of ways [52]. In
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Figure 2.17: Scheme of Compton polarimetry. Modulated distribution of scattered photons contains

information about the initial polarization of the photon beam.

the present work we used the method with an active scatterer, i.e., photons scattered

and got absorbed within same detector, as shown in Fig. 2.17. Energies of both the

recoiled electron and the scattered x ray are measured simultaneously. Alternatively, a

piece of material (for example a metal plate) can serve as a passive scatterer and the

detector system behind it measures the Klein-Nishina distribution [20]. The conven-

tional method uses two or more detectors, one as a scatterer and others as absorbers,

that detect scattered photons. This method allows for an optimization of polarimeter,

i.e., by varying the size and material of single detectors one can significantly improve

the polarimeter’s performance. As was already mentioned, at low energies a Si detec-

tor has a larger Compton scattering efficiency relative to photoabsorption, while for

a Ge detector the picture is opposite. Therefore, the polarimeter construction, where

Si detector is used as a scatterer and a system of Ge detectors measure the scattered

photons, is one of the best solutions [53]. Since the information about the initial photon
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polarization is lost after the second scattering, the detector system used for Compton

Polarimetry should be optimized to detect single Compton events.

The sensitivity of Compton scattering to the polarization of x rays of a certain

energy is characterized by a so-called modulation factor M. It is given by the difference

in number of photons that were scattered parallel and perpendicularly to the initial

polarization vector:

M(θ) =
I(90◦) − I(0◦)

I(90◦) + I(0◦)
=
σ⊥ − σ‖
σ⊥ + σ‖

(2.11)
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Figure 2.18: Dependence of modulation factor on the polar Compton angle θ for different photon

energies.

The dependence of the modulation factor on the photon energy and the polar scat-

tering angle is shown in Fig. 2.18. For 100 keV it reaches maximum at ∼90◦. For higher

photon energies the maximum M moves slightly in the direction of forward scattering

angles. In order to improve the efficiency of a polarization measurement, scattered
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photons have to be detected at the polar angles that correspond to the maximum of

modulation factor.
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Chapter 3

Electron - nucleus bremsstrahlung

3.1 Theoretical description

Theoretical description of bremsstrahlung was continuously developed throughout the

20th century along the advancements in experiments.

In earlier studies various semi-classical approaches [1] were utilized that were soon

replaced by the quantum-mechanical treatment [54, 55]. By 1970s the full-order rela-

tivistic treatment of bremsstrahlung was developed that included linear polarizations

of both the incoming electron and the outgoing x ray [18, 19, 56]. While such a the-

ory, based on the Dirac equation, is very accurate, it is computationally extensive. At

higher energies large numbers of partial waves need to be taken into account to achieve

the convergence. Because of that, in the first calculations reliable results could be

obtained in the energy range below 600 keV. This limit was increased to only about

2 MeV at present [24, 57]. At energies higher than that, bremsstrahlung is still treated

using approximate theoretical approaches such as the one of Sommerfeld-Maue [22, 23].

However, this approach fails at energies lower than about 5 MeV. So, there appears to

be a gap at 2−5 MeV where bremsstrahlung cannot be at present reliably described.

No unifying theory was developed so far.
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3.1. Theoretical description

3.1.1 Cross section

The bremsstrahlung cross section represents the probability of an incoming electron

transiting from one to another continuum state with a simultaneous emission of a

photon. The classical theory of bremsstrahlung predicts the photon emission in every

case of electron interacting with nucleus and changing its velocity. In reality most of

the electron-nucleus collisions are elastic, and the probability of the photon emission

is about 137 times smaller than the probability of the elastic scattering: σbremsstr =

ασelastic, (α ≈ 1/137 is a fine structure constant) [58].

For a single photon in a cubic volume with the side L, bremsstrahlung cross section

is given by the transition probability per atom per electron divided by the velocity of

the incident electron [55]:

dσ =
ω

(p0c/E0)

(
h̄

m0c

)3

L3, (3.1)

where

ω = (2π/h̄)ρf |Hif |2. (3.2)

Here ρf is the density of the final states and the term Hif is the matrix element

describing the transformation of the system from an initial to a final state (before and

after the emission of a bremsstrahlung photon). The term |Hif |2 can be written as:

|Hif |2 =

(
2π

k

e2

h̄c

)
(m0c

2)2

∣∣∣∣∫ ψ∗f (u
∗
λα)e−ikrψidτ

∣∣∣∣2 L−9, (3.3)

where uλ is the unit polarization vector of a photon, α is the vector of Dirac

matrices, and ψi and ψf are the Dirac functions describing electron at the initial and

final state respectively. The angular and energy differential cross section dσ can be
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expressed as [55]:

dσ =
137r2

0

(2π)4

pfEiEf
pi

∣∣∣∣∫ ψ∗f (u
∗
λα)e−ikrψidτ

∣∣∣∣2 k dk dΩk dΩpf . (3.4)

In Eq. 3.4 r0 = (h̄/mc)α is the classical electron radius, pi and pf are the initial and

the final electron momenta, Ei and Ef are the initial and final electron energies, k is the

momentum of the emitted photon and dΩk and dΩpf are the elements of solid angle in

the direction of pf and k respectively. A number of approximate wave functions have

been utilized to obtain the final expression for the bremsstrahlung cross section. Bethe-

Heitler formula calculated by the first order Born approximation with free-particle wave

functions has a relatively simple form and is applicable for both non-relativistic and

relativistic energies. Below we will consider it in more details.

The process of bremsstrahlung consists of two parts: the interaction of an electron

with the radiation field causing the emission of a photon and interaction of an electron

with the electric field of the nucleus. First can be treated with the help of the pertur-

bation theory, while the interaction with the Coulomb field can be handled precisely.

This requires a solution of the Dirac equation for an electron of energy Ei that moves

in the Coulomb field [58]:

(−i~α · ∇+ β − Ei −
αZ

r
)ψ(r) = 0, (3.5)

where αZ
r

is a potential term. In order to solve the Eq. 3.5 the wave function ψ(r)

is represented as a slightly deformed plane wave:

ψ(r) = ψ0(r) + αZψ1(r) + (αZ)2ψ2(r) + ... (3.6)

ψ0(r) describes the incoming plane wave and the following terms characterize the

minor distortion caused by the interaction with the nuclear potential. Solving the

Eq. 3.5 with the first-order approximation the triple-differential cross section describing
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the energy and angular distribution of bremsstrahlung is obtained [58, 59]:

d3σ

dk dΩk dΩpf

=
αZ2r2

0

4π2

pf
kpiq4

(
(4E2

f − q2)
p2
i sin2 θi

(Ei − pi cos θi)2
+

+ (4E2
i − q2)

p2
f sin2 θf

(Ef − pf cos θf )2
−

− (4EiEf − q2 + 2k2)
2pipf sin θi sin θf cosϕ

(Ei − pi cos θi)(Ef − pf cos θf )
+

+ 2k2
p2
i sin2 θi + p2

f sin2 θf

(Ei − pi cos θi)(Ef − pf cos θf )

)
,

(3.7)

where q is the momentum transferred to the nucleus and is given by q = pi−pf−k.

In Eq. 3.7 system of polar coordinates is used with the Z axis in the direction of the

emitted photon k and where incoming electron moves in the X-Z plane. Therefore θi

and θf are the angles between the photon momentum and the incoming and outgoing

electron directions respectively.

Bethe-Heitler formula only gives correct results if the condition

αZ

β
� 1 (3.8)

is fulfilled both for incoming and outgoing electrons. It means that the Born approxima-

tion becomes less reliable with decreasing of energy of incoming electron, with increasing

of the atomic number Z of the target, and with energy of the emitted photon approach-

ing the short-wavelength limit. The cross section (3.7) tends to zero as the energy of the

emitted photon increases and does not predict the cutoff at the high-energy end of the

bremsstrahlung spectrum, shown in Fig. 3.1. This can be overcome by multiplying the

Eq. 3.7 by Elwert factor [60]. Other existing corrections allow to apply Bethe-Heitler

formula for a wider energy region and also make the predictions of Born approximation

more precise by including the screening effects [55, 59, 61, 62]. However, it was already

known in 1950s that at extreme relativistic energies Born approximation cross sections

are larger than the ones predicted by more precise theories, while at very low energies
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the situation is reversed [55, 63]. Later in this section we will compare predictions from

different cross section calculations.
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Figure 3.1: Typical bremsstrahlung spectrum measured with a HPGe detector at 90◦ with respect

to the electron beam propagation direction. The electron energy Ei = 2150 keV .

The most accurate way to describe bremsstrahlung is based on the relativistic

partial-wave representation of the electron motion in a static (screened) potential of

a target atom. This approach is however rather complicated for practical application,

as the partial-wave expansion of the initial and final electron states, together with the

multipole approximation of the emitted photon, results in large number of expansion

terms that have to be summed until convergence is reached. Despite the technical dif-

ficulties, the first accurate numerical calculations were performed by Tseng and Pratt

already in 1970s [19, 56, 64, 65]. They obtained results for unpolarized single- and

double-differential cross sections, i.e., without considering the outgoing electron. Lin-

ear polarization of both electron and photon was taken into account in [18] as a part of
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detailed studies of bremsstrahlung polarization correlations which will be discussed in

next sections. More complex calculations of triple-differential cross section and the cor-

responding polarization correlations were performed in [66–69]. More recently Yerokhin

and Surzhykov found an agreement with calculations of Tseng and Pratt [18] and also

extended results up to 2 MeV [24]. In Fig. 3.2 we compare the double-differential cross

sections obtained by Tseng and Pratt [64] and Yerokhin and Surzhykov [24] with Born

approximation results by Bethe [59].
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Figure 3.2: Double-differential cross sections obtained by partial-wave expansion and Born approx-

imation. Calculations are performed for the initially unpolarized electrons for Z=79, Ei=500 keV,

k=250 keV [24].
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3.1.2 Angular distribution

In non-relativistic limit bremsstrahlung can be compared to dipole radiation having the

angular distribution dσ/dΩ ∝ sin2 θ, where θ is the photon emission angle with respect

to the dipole axis (see Fig. 3.3a,b). With the increase of the electron energy and entering

the relativistic regime photons are emitted predominantly at forward angles, as shown

at Fig. 3.3c and d.

a b

dc

Figure 3.3: Schematic angular distributions typical for non-relativistic (a, b) and relativistic (c, d)

regimes with electron acceleration β̇ parallel and perpendicular to its velocity β [58].

Radiation patterns from Fig. 3.3 are summed over all scattering angles of outgoing

electrons and have rotational symmetry about the initial electron direction. The picture
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changes entirely when considering the bremsstrahlung for fixed trajectory of outgoing

electron. Let us take a closer look at the electron motion in the field of a nucleus

(see Fig. 3.4a). At the shortest distance to the nucleus the radiation intensity is the

highest [58]. Because of the Doppler beaming photons are emitted predominantly in

the forward direction. Hence the bremsstrahlung pattern is no longer symmetric but

peaked sidewards the outgoing electron trajectory (see Fig. 3.4b).

a b

incoming 
electron

outgoing
electron

nucleus

Figure 3.4: a - angular distribution of photon emission during electron motion in the field of a

nucleus; b - schematic bremsstrahlung pattern for the fixed direction of outgoing electron [58].

3.1.3 Polarization

One of the first theoretical studies of bremsstrahlung polarization was performed al-

ready in 1940s [54]. Gluckstern et al [70] included the photon polarization vector e

in Bethe-Heitler formula (3.7) and obtained the polarized bremsstrahlung cross section
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independent of the initial electron spin state. In 1950s bremsstrahlung was used as

an instrument to study polarization properties of electrons in β- and µ− e decay [71–

73]. The first calculations considering the initial electron spin state were made within

the Born approximation defining the dependence of circular and linear bremsstrahlung

polarization on the photon emission angle, atomic number of the target Z and initial

electron energy [10, 72, 74]. More precise calculations of Elwert and Haug by means

of Sommerfeld-Maue wave functions [11] included corrections for the scattering of the

electrons in the target and a contribution of an electron-electron bremsstrahlung. Nowa-

days detailed calculations containing the observation of scattered electrons are available

for relatively broad energy range [69].

The polarization of a photon beam in a mixed state can be described by the spin-

density matrix. Although the photon has a spin S = 1, its helicity (i.e., the spin

projection on the photon momentum k ) has only two allowed values: λ = ±1, therefore

the spin-density matrix has dimension 2×2 and can be parametrized by three real Stokes

parameters [75, 76]:

〈kλ | ργ |kλ′〉 =
1

2
Tr(ργ)

 1 + P3 −P1 + iP2

−P1 − iP2 1− P3

 (3.9)

The trace of the density matrix is proportional to the intensity of emitted light.

The third parameter P3 represents the degree of circular polarization, while P1 and

P2 describe the degree and the angle of linear polarization of the photon in the plane

perpendicular to its momentum k. Experimentally P3 is defined by measuring the

intensities Iλ=±1 of left and right circularly polarized radiation:

P3 =
I(+1) − I(−1)

I(+1) + I(−1)

(3.10)

Parameters P1 and P2 are related to the intensity Iχ of the light, linearly polarized
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under the different angles χ with respect to the scattering plane (see Fig. 3.5 a,b):

P1 =
I0◦ − I90◦

I0◦ + I90◦
(3.11)

P2 =
I45◦ − I135◦

I45◦ + I135◦
(3.12)
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Figure 3.5: Graphical representation of the Stokes Parameters P1, P2 and the polarization ellipse. All

the angles are defined with respect to the reaction plane given by the initial electron beam propagation

direction and the emitted photon momentum.

In case of arbitrary P1,2,3 the photon beam is linearly and circularly polarized. The

general requirement for Stokes parameters is described by the relation:

P 2
1 + P 2

2 + P 2
3 ≤ 1 (3.13)
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For the photons with energies of the order of MeV it is very difficult to measure

the circular polarization, therefore within the current work we will discuss only the

Stokes parameters P1 and P2. In order to analyze different experimental situations, it

is more convenient to represent the linear polarization of a photon beam in terms of

the polarization ellipse that is defined in the plane, perpendicular to k (see Fig. 3.5c).

The relative length of its principal axis represents the degree of linear polarization PL

and the angle χ between the ellipse axis and the scattering plane is referred to as

polarization angle. The relation between the Stokes parameters and the degree and

angle of linear polarization is given by:

PL =
√
P 2

1 + P 2
2 (3.14)

sin 2χ =
P2

PL
, cos 2χ =

P1

PL
, tan 2χ =

P2

P1

. (3.15)

Due to parity conservation (mirror reflection against the reaction plane for the case

of unpolarized electron beam) the photon polarization plane should either coincide

with the reaction plane, or be perpendicular to it. Considering the electron spin breaks

the mirror symmetry and allows the photon polarization plane to tilt at any angle

with respect to the reaction plane. This effect corresponds to nonzero second Stokes

parameter P2 and was studied in the current work.

3.1.4 Bremsstrahlung polarization correlations

First predictions that bremsstrahlung is influenced by electron spin were made by Breit

already in 1950s [70]. Tseng and Pratt were the first to study the correlation between

all three spin components and both linear and circular polarization of emitted radi-

ation [18]. In principle the spin orientation of the outgoing electron may also affect

the bremsstrahlung intensity and polarization. Thus the triple-differential cross section
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3.1. Theoretical description

including all the polarization correlations is given by [58, 77]:

d3σpol

dk dΩk dΩpf

=
d3σunpol

dk dΩk dΩpf

[
1

4

3∑
l,m,n=0

Clmn ζl ξm ζn

]
. (3.16)

Here ζl and ζm describe the spin states of the incoming and outgoing electron re-

spectively and ξm characterize the polarization of the emitted photon. Polarization cor-

relation coefficients Clmn are the real numbers that satisfy the condition 0 ≤ Clmn ≤ 1,

since the cross sections cannot be negative. The interpretation of indexes l,m, n is pre-

sented in Table 3.1. So far only the coefficients Clm0 for unpolarized outgoing electrons

have been calculated [66–68]. The term d3σunpol

dk dΩk dΩpf
stands for the triple-differential cross

section that is averaged over the photon polarization and doesn’t take into account the

electron spin.

k, n Electron l Photon

0 unpolarized 0 dσ, total

1 transversely polarized (within the reaction plane) 1 linearly polarized, P2

2 vertically polarized (perp. to the reaction plane) 2 circularly polarized, P3

3 longitudinally polarized 3 linearly polarized, P1

Table 3.1: Definition of polarization correlation coefficients Clmn by Tseng and Pratt [18].

In the current work we compare our experimental results with calculations of Yerokhin

and Surzhykov. They describe polarization correlations using the Stokes parameters

P1,2,3(Sx, Sy, Sz) and the differential cross section dσ(Sx, Sy, Sz) as a function of the po-

larization vector of the incident electron S = (Sx, Sy, Sz), atomic number of the target

nucleus, electron and photon energies and the observation angle [24]. Here the scat-

tered electron is not observed and thus only the polarization correlations between the

incident electron and the emitted photons are considered. The coordinate system in

the laboratory frame is used in the description of bremsstrahlung process (see Fig. 3.6).
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The z axis is defined along the initial electron momentum pi. The electron propagation

direction and the momentum k of emitted photon determine the reaction plane xz.

bremsstra
hlung

photon

θ

 
z

x

y
χ reaction plane

polarization

plane

pi

k
electron

Figure 3.6: The process of bremsstrahlung in a laboratory frame. Emitted photon is linearly polarized

at the angle χ with respect to the reaction plane xz. Scattered electron is not observed.

Yerokhin and Surzhykov analyze the bremsstrahlung process using the density ma-

trix theory. The spin-density matrix of the photon beam can be written as:

〈kλ | ργ |kλ′〉 =
∑

mim′imf

∫
dΩf〈pimi |αuλ eikr |pfmf〉∗〈pim′i |αuλ′ eikr |pfmf〉

× 〈pimi | ρe |pim′i〉,

(3.17)

where k is the momentum and λ = ±1 is the helicity of the photon, |pimi〉 and

|pfmf〉 denote the initial and the final continuum electron states with asymptotic

momenta pi,f and spin projections onto the z axis mi,f = ±1/2. The photon is described

by a plane wave uλe
ikr with the components of the unit polarization vector uλ defined
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3.1. Theoretical description

as u1 = (ux + iuy)/
√

2 and u−1 = (ux− iuy)/
√

2. The integration is performed over the

scattering angle of the outgoing electron Ωf . The polarization of the initial electron

beam is described by the electron density matrix ρe, which can be expressed in terms

of so-called statistical tensors ρ
(i)
kq [75]:

〈pimi | ρe |pim′i〉 =
∑
kq

(−1)1/2−m′i〈1/2mi 1/2 −m′i|kq〉ρ
(i)
kq . (3.18)

For the spin-1/2 particle, such as electron, only the tensors with rank k, q = 0 and

1 exist. The relation between the initial electron polarization S = (Sx, Sy, Sz) and the

components of ρ
(i)
kq can be written as:

ρ
(i)
00 =

1√
2
, ρ

(i)
10 =

1√
2
Sz, ρ

(i)
1∓1 = ∓1

2
(Sx ∓ iSy). (3.19)

For the further evaluation of polarization correlation coefficients, one needs to de-

compose both electron (incoming “+” and outgoing “-”) and photon wave functions

into partial waves [78]:

|pm〉 = 4π
∑
kµ

ile±i∆k〈l ml 1/2m |jµ〉Y ∗lml
(p)

 gε,k χkµ(r)

ifε,k χ−kµ(r)

 (3.20)

uλe
ekr =

√
2π
∑
LMp

iL
√

2L+ 1 (iλ)p a
(p)
LM(r)DL

Mλ(k), (3.21)

with total and orbital angular momenta j = | k | − 1/2 and l = | k + 1/2 | − 1/2,

Dirac phase ∆k = σk + π/2(l + 1) dependent on the asymptotic phase σk of the Dirac

wave function. The term Y ∗lml
(p) stands for the spherical harmonics and g and f are

the upper and lower radial components and χkm are the spherical spinors. In Eq.

( 3.21) DL
Mλ(k) is the Wigner’s rotation matrix and a

(p)
LM(r) are the electric (p = 1)

and magnetic (p = 0) vectors.
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After inserting ( 3.18), ( 3.20) and ( 3.21) into Eq. 3.17 the density matrix of the

final state can be written as [24]:

〈kλ | ργ |kλ′〉 =8(2π)4
∑
kik′ikf

∑
LL′kgt

∑
γ1γ2

Dg
γ1γ2

(k) ρ
(i)
k,−γ1 i

li−l′i−L+L′ e
∆ki
−i∆k′

i

× {ji, j′i, li, l′i, L, L′, g, k}1/2(−1)j
′
i−jf+li+g+k〈L′λ′L− λ|gγ2〉

× 〈li0l′i0|t0〉〈g − γ1kγ1|t0〉

L jf ji

j′f g L′




1/2 1/2 k

j′i ji g

l′i li t


×
∑
pp′

(−iλ)p(iλ′)p
′〈εiki ||αα(p)

L || εfkf〉
∗〈εik′i ||αα

′(p′)
L || εfkf〉,

(3.22)

with the introduced symbol {j1, j2, ...} = (2j1 + 1)(2j2 + 1)... .

Four possible spin states of the incoming electron (see Table 3.1) form 16 correlation

coefficients with the direction dσ(Sx, Sy, Sz) and the polarization P1,2,3(Sx, Sy, Sz) of the

emitted photon. However, some of them are dependent on other and some are generally

equal to zero. Eq. 3.22 results in following rules:

dσ(0, 0, 0) = dσ(1, 0, 0) = dσ(0, 0, 1), (3.23)

P1(0, 0, 0) = P1(1, 0, 0) = P1(0, 0, 1), (3.24)

P2(0, 0, 0) = P2(0, 1, 0) = 0, (3.25)

P3(0, 0, 0) = P3(0, 1, 0) = 0, (3.26)

As a consequence, only 8 independent non-zero polarization correlations exist:

P1(0, 0, 0) = C03, (3.27)
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3.1. Theoretical description

P2(1, 0, 0) = −C11, (3.28)

P2(0, 0, 1) = C31, (3.29)

P3(1, 0, 0) = −C12, (3.30)

P3(0, 0, 1) = C32, (3.31)

P1(0, 0, 0)− P1(0, 1, 0) = C23, (3.32)

1− dσ(0, 1, 0)

dσ(0, 0, 0)
= C20, (3.33)

where Clm correspond to the polarization correlation coefficients in terminology of Tseng

and Pratt [18].

In order to determine the relations for the cross section and Stokes parameters for

arbitrary polarized electrons, we express the electron density matrix ρe as:

〈pimi | ρe |pim′i〉 =
1

2
δmim′i

+
1

2
Sz δmim′i

(−1)1/2−mi

+
1

2
Sx δmi−m′i +

1

2
iSy δmi−m′i(−1)1/2+mi

= (1− Sx − Sy − Sz)〈pimi | ρe(0, 0, 0) |pim′i〉+ Sx〈pimi | ρe(1, 0, 0) |pim′i〉

+ Sy〈pimi | ρe(0, 1, 0) |pim′i〉+ Sz〈pimi | ρe(0, 0, 1) |pim′i〉,

(3.34)

where ρe(0, 0, 0) stands for the initially unpolarized electrons and ρe(1, 0, 0), ρe(0, 1, 0)

and ρe(0, 0, 1) correspond to the electron beam completely polarized along x, y and
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z axes respectively. Inserting expression (3.34) to the photon density matrix rela-

tion (3.17) we get [57]:

〈kλ | ργ |kλ′〉 = (1− Sx − Sy − Sz)〈kλ | ργ(0, 0, 0) |kλ′〉+ Sx〈kλ | ργ(1, 0, 0) |kλ′〉

+ Sy〈kλ | ργ(0, 1, 0) |kλ′〉+ Sz〈kλ | ργ(0, 0, 1) |kλ′〉.

(3.35)

Based on Eq. 3.35 the formulas for the bremsstrahlung polarization and intensity

can be derived. The differential cross section is given by:

dσ = c ·
∑
λ

〈kλ | ργ |kλ〉 = (1− Sx − Sy − Sz) dσ(0, 0, 0) + Sx dσ(1, 0, 0)

+ Sy dσ(0, 1, 0) + Sz dσ(0, 0, 1) = (1− SyC20)dσ(0, 0, 0).

(3.36)

Here, the final expression was obtained by applying the symmetry property of the

differential cross section (3.23) and the relation (3.33). Following the Eq. 3.9 the first

Stokes parameter can be written as:

P1 =
〈k + 1 | ργ |k − 1〉+ 〈k − 1 | ργ |k + 1〉∑

λ

〈kλ | ργ |kλ′〉
. (3.37)

Using symmetry properties (3.23) and (3.24) and relation (3.33), P1 we get:

P1 =
P1(0, 0, 0)(1− Sy) + SyP1(0, 1, 0)(1− C20)

1− SyC20

. (3.38)

Expression for Stokes parameter P2 can be obtained in a similar way:

P2 =
SxP2(1, 0, 0) + SzP2(0, 0, 1)

1− SyC20

(3.39)
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3.2 Experimental studies

First bremsstrahlung measurements concentrated on testing the cross section and angu-

lar distribution predictions of non-relativistic theory of Sommerfeld and Born approx-

imation. The simplest setups consisted of an electron scattering target and a detector

measuring the radiation intensity at different scattering angles [79, 80]. Along with ad-

vances in experimental techniques the coincident experiments became possible allowing

measurements of bremsstrahlung angular distribution as well as polarization for fixed

directions of outgoing electrons [81, 82]. The progress in development of polarized elec-

tron sources enabled more extensive studies including the control of an electron spin.

The most differential case studied so far is the linear polarization of bremsstrahlung x

rays produced by polarized electrons [20, 21]. The particular interest in such measure-

ments arises from the sensitivity of x ray polarization to the dynamics of the scattering

electron at the close distance to the nucleus. There the Coulomb fields reach high values

comparable to Schwinger limit of 1016 V. The most detailed study of bremsstrahlung

process would be a measurement of the triply differential cross section including the

control of polarization states of all the particles involved, where the outgoing electron

and the emitted photon are detected in coincidence. Due to the high level of complexity

such an experiment has never been performed.

3.2.1 Cross section

Measurements of bremsstrahlung cross section (both total and differential in photon

energy and angle) were performed in 1940s-1950s. The outgoing electrons were not

observed and the photons were registered either by a gas ionization chamber or a

scintillator detector. Although the covered energy range was rather wide (from sev-

eral keV [83, 84] up to hundreds MeV [85–87]), very few experiments provided a sat-

isfactory test of theory. The most extensive measurements were performed by Motz
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for incident electron energies of 50 keV [79] and 0.5- and 1 MeV [80]. The experimen-

tal setup is shown in Fig. 3.7. Bremsstrahlung photons were produced in collisions of

electrostatically accelerated electrons with the thin foil targets of aluminum, beryllium

and gold (the list of target thicknesses for both experiments is presented in Table 3.2).

The intensities of the emitted x rays were measured at different angles θ with respect

to the initial electron beam with the help of a NaI(Tl) detector, mounted in a shielding

container. The round opening in the front side of the shielding allowed for the angular

resolution of ∆θ < 1◦. Measured cross sections are presented in Fig. 3.8 and Fig. 3.9.
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Figure 3.7: Scheme of the experimental setup [79, 80]. Bremsstrahlung intensity was measured at

the angles θ = 10◦, 20◦, 30◦, 40◦, 50◦, 60◦, 70◦, 90◦, 110◦, 140◦. In the experiment with 50 keV electrons

the distance between the target and the detector was A = 29.2 cm and the collimator diameter was

d = 0.24 cm. In the 0.5- and 1 MeV measurement the front side of the detector was shielded from

the unwanted x rays with 30 cm of lead with the collimator diameter d = 0.9 cm; the distance A was

78.7 cm.

target material
target thickness, mg/cm2

50 keV 0.5- and 1 MeV

Be − 4.30

Al 0.017, 0.038 0.63, 1.00

Au 0.010, 0.022 0.22, 0.43

Table 3.2: Targets used in the 50 keV [79] and 0.5- and 1 MeV [80] measurements.
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Figure 3.8: (a), (b) Differential cross sections of 50 keV bremsstrahlung for golden and aluminum

targets [79]. In Fig. (b) the cross section is integrated over the photon emission angle θ. (c) Angular

distribution of 45 keV bremsstrahlung. The solid curves represent the non-relativistic Sommerfeld

cross sections [54] and the dashed curves were obtained by multiplying these cross sections by the

relativistic correction factor (1− β0cos θ)−2.
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k = 500 keV
      Z = 13
      Z = 79

k = 1000 keV
      Z = 4
      Z = 13
      Z = 79

Figure 3.9: Bremsstrahlung cross sections integrated over the photon emission angle θ for the incident

electron energies of 0.5- and 1 MeV [80]. Solid lines represent Bethe-Heitler calculations [70]. The

dashed line on the left part is obtained by multiplying the Bethe-Heitler cross section by the Elwert

factor for Z=79 [60].

Experimental results revealed rather significant disagreement with existing theories

especially at the photon energies approaching the short wavelength limit and at the

extreme values of 0◦ and 180◦ of emission angle θ. Bethe-Heitler theory was confirmed to

underestimate the cross sections in the 1 MeV energy range. Kirkpatrick calculations of

Sommerfeld cross section showed a reasonable agreement only at emission angles around

50◦ while after integration over θ non-relativistic predictions turned out to be not precise

for the low Z targets. It was clearly demonstrated that in order to accurately describe

the process of bremsstrahlung, relativistic and screening effects have to be taken into

account.
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First experimental studies of triple-differential cross section were performed by Nakel

in 1960s [88, 89]. Bremsstrahlung was produced by the 300 keV electron beam hitting

the thin golden target. Emitted photons were registered by a NaI(Tl) detector in

coincidence with 170 keV outgoing electrons with scattering angles of 0◦, 5◦ and 10◦.

Experimental results were in good agreement with predictions of Elwert and Haug [90].

Since the measured angular distributions were not absolute, they were normalized at

maximum of theoretical calculations (see Fig. 3.10).

The angular distribution of the absolute triple-differential cross section was first

measured for silver targets by Aehlig and Scheer [81]. Their experimental results for

the incident electron energy of 180 keV and the photon energy of 80 keV were in a good

agreement with calculations of Elwert and Haug [90].

Similar to the Mott scattering, spin-orbit interaction causes left-right asymme-

try of bremsstrahlung emission in case when the initial electron beam is polarized

perpendicularly to the reaction plane (vertical polarization). Experimental studies

of this phenomenon without observation of the outgoing electrons were performed

in [16, 17, 91, 92]. The first electron-photon coincidence measurement was reported

by Mergl et al. in 1992 [93]. The scheme of experimental setup is shown in Fig. 3.11a.

A 300 keV vertically polarized electron beam collided with the 50 µg/cm2 thick golden

target. The degree of the electron beam polarization was in range of 35% to 40%. A

HPGe detector was used to register the emitted photons while the scattered electrons

were detected by a plastic scintillator at the angles of 0◦, 20◦ and 45◦ with respect to the

initial electron beam propagation direction. The magnetic spectrometer selected out-

going electrons of 200±5 keV. Bremsstrahlung angular distribution was measured for

two opposite electron beam polarization settings. Namely, for the spin orientations up

and down perpendicularly to the reaction plane. All the other experimental conditions

were preserved. Polarization of emitted photons as well as one of outgoing electrons

was neglected.
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Figure 3.10: Measured angular distribution for the electron scattering angles of 0◦ (a), 5◦ (b) and

10◦(c) [88, 89]. Solid lines represent the calculations of Elwert and Haug [90].

The measured asymmetry corresponds to the coefficient C200 in terminology of Tseng
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Figure 3.11: (a) Scheme of the experimental arrangement for measuring the bremsstrahlung emission

asymmetry [93]. The electron beam was polarized perpendicularly to the reaction plane. (b) Measured

asymmetry as a function of the photon emission angle θ for the incident electron beam energy 300 keV

and outgoing electrons of energy 200 keV and scattering angle θe = 45◦. Solid line represents the

calculations of Haug [15] and the dashed line denotes the bremsstrahlung cross section for initially

unpolarized electron beam [90]. Open diamonds give the non-coincident emission asymmetry C20

measured within the same experiment.

and Pratt or dσ(0, 1, 0) in terms of Yerokhin and Surzhykov (see Table 3.1):

C200 =
I ↑ −I ↓
I ↑ +I ↓

· 1

|S|
, (3.40)

where I ↑ (↓) denotes the bremsstrahlung intensity for spin-up (down) and S stands

for the degree of polarization of the electron beam. The measured C200 as a function of

the photon emission angle for electron scattering angle of 45◦ is presented in Fig. 3.11b.

Experiment revealed that the highest asymmetry of bremsstrahlung emission corre-

sponded to the region of small cross section (dashed curve). Therefore the detailed

studies only possible by means of a coincidence measurement, whereas non-coincidence

experiments result in a very low level of anisotropy (open diamonds in Fig. 3.11b).

Measured values of C200 turned out to be in good agreement with the predictions of
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Haug [15]. The relativistic partial wave calculations by Tseng [68] and the recent ones

by Müller [69] match the experimental results excellently except one data point.

3.2.2 Linear polarization and polarization correlations

In early studies bremsstrahlung linear polarization was measured for unpolarized elec-

tron beam as a function of photon energy, photon emission angle, initial electron energy

and the target atomic number [94–97]. The outgoing electrons were not observed. For

the unpolarized electron beam the second Stokes parameter P2 is zero (see Eq. 3.25 in

Section 3.1.4) and the photon linear polarization corresponds to the first Stokes param-

eter PL = P1 = (I0◦−I90◦)/(I0◦+I90◦). In a number of experiments the reverse of linear

polarization was observed, i.e., low energy photons were polarized perpendicularly to

the reaction plane (PL < 0), while high energy photons were polarized parallel to the

reaction plane (PL > 0).

Figure 3.12: (a) Experimental arrangement for the coincidence measurement of bremsstrahlung

linear polarization [82, 98]. Only two out of four photon analyzers are shown for simplicity. (b)

Measured linear polarization as a function of the photon emission angle for initial electron beam

energy of 300 keV, outgoing electron energy 140 keV and the electron scattering angle +20◦. The solid

line gives the theoretical predictions by Elwert and Haug [11]. The dashed line shows the calculations

without corrections for experimental factors. The dotted line represents the polarization integrated

over all directions of outgoing electrons [98].

55



CHAPTER 3: Electron - nucleus bremsstrahlung

First electron-photon coincidence measurements of bremsstrahlung polarization were

reported by Behncke and Nakel [82, 98] and later by Bleier and Nakel [99]. The scheme

of the experimental setup from [82] and [98] is shown in Fig. 3.12a. The 300 keV beam of

unpolarized electrons impinged on a carbon target. Bremsstrahlung linear polarization

was measured at different emission angles by means of Compton polarimetry technique

applied to the active photon scatterer (plastic scintillator) and four NaI(Tl) analyzers

placed in the plane perpendicular to the photon propagation direction (this method is

described in details in Section 2.8). Coincidence events included the detection of an

outgoing electron of specific energy and direction and the signal from both the photon

scatterer and either of analyzers. The quantity measured was the ratio I⊥/I‖ between

the number of photons scattered perpendicularly and parallel to the reaction plane.

The linear polarization was then calculated as:

PL =
R + 1

R− 1
·

1− I⊥/I‖
1 + I⊥/I‖

, (3.41)

where R is the the asymmetry ratio of Compton polarimeter obtained by a Monte-Carlo

simulation. A simple classical model predicts radiation emitted by a moving electron

to be completely polarized within the reaction plane. However, experiment revealed

the strong dependence of polarization degree on emittance angle (see Fig. 3.12b). This

effect can be explained by taking into account the electron spin. The orbital motion of

electron and change of spin orientation both contribute significantly to bremsstrahlung

process even for the initially unpolarized electron beam [5]. Partial depolarization of the

emitted photons is caused by the spin-flip radiation. Figure 3.12b demonstrates that for

the selected electron scattering angle of +20◦ at photon emission angles around −20◦

the influence of the electron spin is the strongest.

More detailed investigations of spin effects in bremsstrahlung require the control of

both the electron and the photon polarization. Due to high complexity such studies

were stalled for two decades and only recently became possible. The first measurement
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of the correlation between the electron spin direction and bremsstrahlung linear polar-

ization was performed by S. Tashenov et al. [20, 57]. It was observed that the photon

polarization plane rotates with respect to the reaction plane as a result of interaction

of an electron spin with a field induced by the upcoming atomic nucleus, the spin-orbit

interaction. The tilt angle was measured with an extremely high precision of 7 mrad. A

100 keV electron beam collided with a gold target and produced bremsstrahlung x rays.

Emitted photons were collimated and then scattered by an iron plate (see Fig. 3.13).

A high purity segmented germanium detector was placed behind the x-ray shielding

so that the outer segments could register only the scattered photons. By measuring

the azimuthal angular distribution of scattered photons one can extract both degree

and angle of photon linear polarization. Two scintillator detectors were additionally

mounted at the setup to measure the up-down asymmetry of bremsstrahlung emission.

Outgoing electrons were not observed.

Electron spin was rotated within the reaction plane by means of a Wien filter.

Fig. 3.14a shows the measured tilt of bremsstrahlung polarization plane as a function of

the angle between the electron spin and momentum. In Fig. 3.14b the up-down photon

emission asymmetry is presented. As expected, when the electron spin is oriented along

the propagation direction, i.e., beam is polarized longitudinally, the radiation intensities

up and down are equal, while the transversal polarization of electron beam shows the

highest asymmetry.

The observed rotation of the bremsstrahlung polarization indicated the rotation

of the electron scattering plane, since the photon polarization angle is defined by the

electron acceleration direction. In other words, within the semi-classical picture the

trajectory of an electron in central Coulomb potential is not confined to a single plane.

This effect occurs due to spin-orbit interaction and can only be observed when electrons

reach the distance close to the nucleus and scatter to a large angle. In present work we

extended the measurement described above and performed the similar experiment at
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Figure 3.13: Geometry of experimental arrangement [57]. The shielding and the scattering plate

are shown in section. Electrons are polarized within the xz plane, polarization angle α is defined with

respect to the z axis. Bremsstrahlung polarization plane (yellow) is tilted at angle χ with respect

to the reaction plane (pink). Angle ξ is the polar photon scattering angle and ϕ is the azimuthal

scattering angle with respect to the reaction plane. Two scintillator detectors measure the photon

emission asymmetry in yz plane.

higher energies.

Recently R. Märtin et al. studied the polarization of bremsstrahlung produced

by transversely polarized 100 keV electrons [21]. Both the degree and the angle of

bremsstrahlung polarization were measured as the function of the photon energy. This

allowed for the determination of Stokes parameters P1(1, 0, 0) and P2(1, 0, 0), which cor-

responded to the coefficients C13 and C11 in terminology of Tseng and Pratt. The emit-

ted x rays were detected with a position sensitive Si(Li) Compton polarimeter placed at

130◦ with respect to the electron beam propagation direction. The experiment revealed

the increased tilt angle of the bremsstrahlung polarization plane as compared to the

studies performed by Tashenov [57]. The stronger rotation of the photon polarization

was due to the different observation angle, which in this energy range corresponds to

the electron scattering angle, since electrons emit bremsstrahlung predominantly in the
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χ

α α

χ

α α

Figure 3.14: Measured tilt angle of bremsstrahlung polarization (a) and up-down photon emission

asymmetry (b) as functions of the angle of electron beam polarization [57]. Solid lines denote theoretical

predictions for 75% electron beam polarization and dashed lines represent those for 100% polarized

beam [24].

forward direction. Therefore, the measured photons were produced by the electrons

that reached closer distances to the nucleus, where the Coulomb field is stronger and

the effect of the spin-orbit interaction is more pronounced. The experimental results

for both the degree and the angle of the bremsstrahlung polarization are presented in

Fig. 3.15.

Experiments on measurement the polarization correlations including the observation

of outgoing electrons have never been performed. However, the setup for such an

experiment is currently being developed by our group.

3.3 Further bremsstrahlung processes

3.3.1 Electron - electron bremsstrahlung

The electron-electron bremsstrahlung is a process of a photon emission under the colli-

sion of two electrons. Unlike the ordinary bremsstrahlung where the target nucleus can
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CHAPTER 3: Electron - nucleus bremsstrahlung

Figure 3.15: (a) Degree of bremsstrahlung polarization produced by transversely polarized (blue)

and unpolarized (red) electrons in comparison to theory (shaded area, red and dashed lines) [21].

(b) Tilt angle of bremsstrahlung polarization with respect to the reaction plane. The degree of beam

polarization was measured to be 76% ± 5%. Dashed lines stand for the theoretical calculations for

completely polarized electron beam.

be represented by a central Coulomb potential, in the e-e case the recoiling electron has

a significant influence on the process and can no longer be considered as an external

field. The kinematics of the e-e bremsstrahlung is shown in Fig. 3.16.

In the description of the e-e bremsstrahlung the initial electron momenta are repre-

sented as four dimensional vectors p1 = (ε1,p1) and p2 = (ε2,p2). The emitted photon

is characterized by the vector k = (k,k) and the outgoing electrons have the four-

momenta p′1 = (ε′1,p
′
1) and p′2 = (ε′2,p

′
2). According to the momentum conservation
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Figure 3.16: Geometry of the electron-electron bremsstrahlung. p1 and p2 denote the initial electron

momenta and k stands for the momentum of emitted photon.

law, the following statement can be written:

p1 + p2 = k + p′1 + p′2. (3.42)

Considering the e-e bremsstrahlung in a laboratory frame (the rest frame of the

second electron before the collision), where the upcoming electron moves along the z

axis and the photon is emitted in the xz plane, the relation for the maximum photon

energy for the fixed direction of outgoing electron can be derived [100]:

kmax =
ε1 − 1

ε1 − p1 cos θk + 1
(3.43)

It is visible from the Eq. 3.43, that unlike the electron-nucleus bremsstrahlung,

the photon energy is dependent on the emission angle. The most energetic photons

are emitted at the forward angles. In the non-relativistic regime the spectrum cut-off

appears at approximately half of the kinetic energy of the incoming electron, whereas

in the relativistic case an electron can transfer nearly all its energy to the emitted x

ray [58].

In the electron-matter interaction e-e bremsstrahlung originates from the collisions
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CHAPTER 3: Electron - nucleus bremsstrahlung

of the incoming and bound electrons. However, its contribution to the total x-ray

emission is rather small, since the cross section of e-e bremsstrahlung is proportional to

the target atomic number Z, while in the electron-nucleus interaction it is proportional

to Z2. If consider the target electron unbound and at rest (laboratory frame), the e-e

bremsstrahlung cross section can be expressed as [100]:

d3σ

dk dΩk dΩp′1

=
αr2

0

π2

k

p1R

2∑
i=1

p2
1iAp

′
1i, (3.44)

where p1i stand for the momenta of outgoing electrons for the fixed photon emission

direction k, A is the square of matrix element integrated over spins of incoming and

outgoing electrons and the term R has the form:

R =
√

((ε1 + 1)(1− k) + kp1 cos θk)2 + (p1 cos θe − k cosα)2 − (ε1 − k + 1)2. (3.45)

The Eq. 3.44 is valid only for the cases of free electrons. The correction factors

for bremsstrahlung from bound target electrons have been derived in a number of

works [101, 102]. The relation for angular distribution can be obtained by integrating

the Eq. 3.44 over photon energy k.

Experimental studies of e-e bremsstrahlung based on the coincidental detection of

the emitted photons with the outgoing electrons of a fixed energy and direction were

performed in [103–105]. In such measurements the photons from e-e bremsstrahlung

have less energy that the ones from electron-nucleus bremsstrahlung and, therefore,

they are easily distinguishable, as seen in Fig. 3.17a. It occurs due to the non-zero

recoil energy of the target electron. In Fig. 3.17b the measured angular distribution is

shown [104].

The four lobes in angular distribution can be understood from the fact, that the elec-

tric dipole moment of the electron-electron system is zero, and therefore e-e bremsstrahlung

radiation consists predominantly of quadrupole radiation.
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3.3. Further bremsstrahlung processes

Figure 3.17: Measured at θk = −35◦ coincident spectrum (a) and the angular distribution (b) of

e-e bremsstrahlung from the collision of the 300 kev electron beam with the thin carbon target (Z =

6) [104]. Emitted photons were detected in coincidence with outgoing electrons with the energy ε′1 =

140 keV and scattering angle θe = 20◦. Crosses in (a) denote random coincidences and the solid line

in (b) gives theoretical predictions by Mack [106].

3.3.2 Polarization bremsstrahlung

Polarization bremsstrahlung (PB) arises due to the excitation (polarization) of a target

atom by the incident charged particle. The radiation results from a change in the

electric dipole moment of the system caused by the upcoming charge (see Fig. 3.18).

The ability of a light particle to ionize the target atom is in general similar to the heavy

one. This makes the intensity of polarization bremsstrahlung almost independent of the

incident projectile mass, whereas the ordinary bremsstrahlung cross section is inversely

proportional to it. The x-ray emission intensity in PB is determined mainly by the

dynamical polarizability of a target, and an upcoming particle can be simply considered

as a moving source of the Coulomb field exciting the target electrons [58, 107].

The phenomenon of polarization bremsstrahlung was first introduced in 1970s when

63



CHAPTER 3: Electron - nucleus bremsstrahlung

e-

Figure 3.18: Scheme of the polarization bremsstrahlung process. Incoming electron causes the

polarization of the target, which returns to the initial state by a photon emission.

it was demonstrated that a dynamic response of the target should be taken into ac-

count when calculating the total bremsstrahlung spectrum [108, 109]. It indicates the

many-body nature of the PB which makes the process more complicated for theoretical

analysis.

Two main theoretical approaches have been used in the PB description. The first

formalism is based on the Born approximation [110, 111]. It gives reasonable predic-

tions for both relativistic and non-relativistic energy regions. A more accurate method

utilizes the distorted partial wave approximation [112, 113]. The total bremsstrahlung

rate dσtot = dσordin+dσpolariz can be estimated within the so called “stripping” approx-

imation, which is based on the assumption that with the increase of the photon energy

the reduced intensity of the ordinary bremsstrahlung is compensated by the additional

polarization radiation [114, 115]. Fig. 3.19a illustrates the theoretical predictions for

bremsstrahlung cross sections obtained with the upper-mentioned approximations [116].

Experimentally PB was observed in two cases where its intensity dominates over the

ordinary bremsstrahlung. The first case corresponds to the photon energy region near

the ionization potentials of atomic subshells [118] and the second case is heavy particle
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3.3. Further bremsstrahlung processes

Figure 3.19: (a) Bremsstrahlung spectra calculated for the collision of 5 keV and 25 keV electrons

with an Ar atom [116]. Dashed line represents the ordinary bremsstrahlung cross section. Solid and

dotted lines describe the total cross section obtained with the distorted partial wave approximation and

stripping approximation respectively. Vertical lines denote the ionization potentials of Ar subshells.

(b) Product of the photon energy and the bremsstrahlung double-differential cross section for Xe and

Kr [117]. The incident electron energy Ee = 28 keV. Solid line is the total cross section in stripping

approximation. Dashed line stands for the ordinary bremsstrahlung cross section.

- atom collision, where the ordinary bremsstrahlung is suppressed by the large mass of

the incident projectile [119]. Recent experiments on collisions of relativistic electrons

with gaseous targets revealed strong discrepancies from ordinary bremsstrahlung the-

ory predictions throughout the spectra (see Fig. 3.19b), which was interpreted as an

evidence of the PB contribution [117]. However, even the calculations that include PB

don’t match with the experimental results perfectly. Several subsequent attempts to

improve the agreement between theory and experiment have failed [120, 121].
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Chapter 4

The experimental environment

The experiment was performed at the Mainzer Microtron MAMI in the Institut für

Kernphysik of Johannes Gutenberg-Universität Mainz, Germany. This facility provides

an electron beam with possible energy range from 100 keV to 1.6 GeV.

The MAMI microtron cascade consists of four stages: three racetrack microtrons

(RTM) [122] and a harmonic double sided microtron (HDSM) [123], all of them using

normal conducting radio-frequency-technology. A 3.5 MeV linear accelerator is used as

an injector. The 3.5 MeV electron beam is sufficiently relativistic for injecting into the

first RTM. The beam consists of a sequence of electron pulses with 2.45 GHz frequency.

Such repetition rate is indistinguishable for most of the particle detectors as their signal

bandwidth is smaller.

4.1 Linear accelerator

The linear accelerator Linac consists of three radio frequency sections. In Fig. 4.2

the schematic image of the Linac is presented. In standard operation it produces

the 3.5 MeV electrons with a beam current up to 100 µA. The first two RF sections

accelerate electrons to 2 MeV. By altering the RF phase in the third section it is possible
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4.1. Linear accelerator

Figure 4.1: Layout of the MAMI facility [124]. The linear accelerator Linac, three racetrack mi-

crotrons (RTM), a harmonic double sided microtron (HDSM) and a spectrometer hall.

to reduce or reverse the electron acceleration. Thus, the Linac can provide an electron

beam with the energy range between 960 keV and 3.5 MeV. The focusing lenses (not

shown in the scheme) consist of solenoids, arranged in counterpouled pairs in order to

avoid the rotation of the electron polarization. The standard electron beam diameter

is in the range of 1 mm.

The longitudinally polarized 100 keV electron beam is produced by illuminating a

GaAsP superlattice strained-layer photo-cathode [126] with circularly polarized laser

light with a wavelength of λ = 780 nm [127]. By reversing the laser light polariza-

tion with a Pockels cell it is possible to flip the electron spin by 180◦. The further

electron spin rotation can be implemented with the help of the system based on a
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Figure 4.2: The linear acceleration stage of the MAMI facility [125]. A Wien filter, located in front of

the Linac, provides the electron spin rotation. For the polarization diagnostics electrons get deflected

from the beam to the Mott polarimeter.

Wien filter [128]. The rotation of an electron spin is necessary for the beam polariza-

tion diagnostics performed with a Mott polarimeter, since this measurement requires a

transversal polarization of the electron beam (see Section 4.2). The first stage of the

beam line is shown in Fig. 4.2.

The Wien filter consists of homogeneous electric (E) and magnetic (B) fields that

are orthogonal to one another and to the electron momentum (see Fig. 4.3). An electron

moving in the electric field E feels a force F = eE. Similarly, moving in the magnetic

field B it feels the force F = evB. Thus, in order to avoid the deflection of an electron

beam the equilibrium condition has to be fulfilled:

E

B
= v (4.1)

According to the Thomas-Bargmann-Michel-Telegdi equation the electron spin ro-
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4.1. Linear accelerator

Figure 4.3: Cross section of the Wien filter [128].

tates in the magnetic field and the plane of rotation is perpendicular to B:

B =
mcγ2βϑ

eL
, (4.2)

where L is the effective field length and ϑ is the spin rotation angle. In our case to rotate

the spin by 90◦ in the horizontal plane (see Fig. 4.3) the following field parameters are

required:

By = 6.563× 10−3 T

Ex = 1.0788 MV/m.

The rotation of the spin by ϑ = 90◦ causes the negligible (between 0.5% and 3%)

beam losses. For the different settings of the spin rotation angle a certain change of

the electron beam space ellipse was observed [125]. However, the change of the electron

beam profile does not affect the main beam parameters. Additionally, the distortion

of the electron beam space ellipse can be compensated by adjusting the quadrupoles

shown in Fig. 4.3.
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4.2 Mott polarimeter

The Mott polarimeter is used to analyze the degree of the electron beam polarization

after the first acceleration stage (see Fig 4.2) [125]. For the polarization measurement

the electrons are deflected from the beam line by a magnet system consisting of two

15◦ bending dipoles and a set of focusing quadrupoles. The Mott scattering asymmetry

is measured using a number of gold targets of different thicknesses from 0.1 to 15 µm.

Interpolating the measured data to zero target thickness allows to suppress the effects

of multiple scatterings. Two plastic scintillator register the backscattered electrons at

the angles θ = ±164◦ with respect to the beam propagation direction. Fig. 4.4 shows

the geometry of the Mott polarimeter.

Figure 4.4: View of the Mott polarimeter [125]. Electrons scattered on a gold target at angles

θ = ±164◦ are guided towards the scintillator detectors by two identical double magnet systems. The

upper magnet is shown in section for a better visibility.

Mott scattering is sensitive only to the spin component normal to the scattering
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4.2. Mott polarimeter

plane. Due to technical reasons it is simpler to rotate the electron spin within the

horizontal plane, therefore the Mott asymmetry is measured in the vertical plane. The

detectors do not directly observe the scattering target. The backscattered electrons

pass through the 4 mm aluminum collimators and then are guided through the double

focusing spectrometer magnets. Such geometry allows to shield the detectors from the

unwanted x rays, produced by electrons that are scattered to the chamber walls as well

as from the background from the beam dump.

The scattering asymmetry is defined as:

Aexp =
R1 −R2

R1 +R2

, (4.3)

where R1 and R2 are the count rates in top and bottom detectors. For the more precise

determination of the beam polarization the measurement is performed for two electron

spin orientations (ϑ = ±90◦ with respect to the electron momentum). The spin flips

repeatedly every second and after each flip the count rate in both detectors is measured.

The experimental asymmetry is then calculated as:

Aexp =
1−
√
Q

1 +
√
Q
, (4.4)

where Q = (R+
1 R
−
2 )/(R−1 R

+
2 ) (see ref. [129] for details). Indexes “+” and “-” denote

two electron spin orientations. Such count rate normalization allows to suppress the

systematic effects caused by the possible geometrical misalignment of the detectors, as

well as by the differences in detection efficiencies.

The degree of electron beam polarization S is correlated to the measured asymmetry

Aexp as:

S =
Aexp
Seff

, (4.5)

where Seff is the effective value of Sherman function (effective analyzing power), which

depends on the scattering angle θ, beam energy E and on the Z of the scattering
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material. The results of theoretical calculations of Sherman function for gold scattering

target (Z = 79) are shown in Fig. 4.5.

Figure 4.5: Dependence of the Sherman function on beam energy Ekin and scattering angle θ [125].

The Mott polarimeter operating at Mainzer Microtron is capable of determining the

degree of electron beam polarization with precision of ∼1% for almost all achievable

beam intensities. Unlike most polarimeters which typically designed for keV energy

range, it is able to work with energies up to several MeV without compromising the

accuracy. This unique ability makes it perfectly suitable for the MAMI facility.
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4.3. Measurement of the bremsstrahlung polarization

4.3 Measurement of the bremsstrahlung polariza-

tion

The experimental study for the linear polarization of bremsstrahlung was performed

in March 2013 at the Mainzer Microtron MAMI in the Institut für Kernphysik of Jo-

hannes Gutenberg-Universität Mainz, Germany. Polarized electrons were produced by

illuminating a GaAsP superlattice strained-layer photo-cathode with circularly polar-

ized laser light. The electron beam was accelerated to 2.15 MeV and its degree of

polarization was measured to be S = 0.800 ± 0.05 using a Mott scattering polarime-

ter. The bremsstrahlung polarization was measured for the longitudinally and trans-

versely polarized electrons. The rotation of electron spin within the horizontal plane

was performed by using the Wien filter. For each electron beam polarization two mea-

surements with the opposite orientations of the electron spin were taken (collinear and

anti-collinear to the electron beam in case of the longitudinal polarization and right

and left to the electron beam in case of the transversal). The spin flip was produced

by changing the helicity of circular polarization of the laser light and did not affect any

other experimental parameters, such as the electron beam energy, current, trajectory

or degree of polarization. The bremsstrahlung photons were produced in collisions of

electrons with a 500 nm gold foil target. We chose gold because of its high atomic

number (Z = 79) which provides the high photon emission intensity. For this reason

it has been widely used in both theoretical and experimental bremsstrahlung studies

including the recent measurements of the polarization correlations [20, 21, 57]. The

geometry of the measurement is shown in Fig. 4.6. To register the emitted photons

the position sensitive high purity planar germanium detector was used. The detector

was shielded from the unwanted x rays by 10 cm lead walls. A round opening in the

shielding collimated the bremsstrahlung photons emitted in the at the angle of 90◦±5◦

with respect to the electron beam propagation direction. Before entering the detector
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the photons left the vacuum system through the stainless steel vacuum flange. Elec-

trons that elastically scattered in the gold target and hit the vacuum flange produced

the background bremsstrahlung. The 5 mm thick beryllium plate (Z = 4) inserted in a

cavity drilled in the stainless steel allowed to reduce such background by a factor of 43.

A 2 cm layer of lead between the target and the detector allowed to cut out the low

energy photons and limited the count rate.

Figure 4.6: The scheme of the experiment. The reaction plane (yellow) is defined by the incoming

electron and the emitted photon directions. The bremsstrahlung polarization plane (red) is tilted by

an angle χ with respect to the reaction plane. The azimuthal photon scattering angle is denoted by ϕ

and the polar angle - by θ. The vacuum flange, beryllium plate and lead shielding are shown in section

for a better visibility.
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The detector was placed at 26.7 cm from the target perpendicular to the collimated

photon beam and its center was aligned with the photon beam axis. The germanium

crystal was 5x5x2 cm in size and its front side (cathode) was electrically segmented into

5x5 matrix of square pixels (see Fig. 4.7). The back side of crystal had a not segmented

lithium drifted anode. Each segment was equipped with an individual charge sensitive

Figure 4.7: The planar pixelated HPGe detector. (a) - the box with preamplifiers is attached to the

detector housing; (b) - schematic view of the detector crystal segmentation. The size of a single pixel

is 1x1x2 cm.

preamplifier and a 100 MHz sampling analog-to-digital converter. The digitized signals
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were processed with a moving window deconvolution algorithm to extract the x-ray

energies and the arrival times. The achieved energy resolution was 4 keV at 2 MeV and

the timing resolution was 100 ns.

Linear polarization of bremsstrahlung was measured with the Compton polarimetry

technique. It is based on the sensitivity of the angular distribution of the Compton

scattered photons to their initial polarization through the Klein-Nishina formula (2.6)

(see Chapter 2.8 for details). For the analysis we selected the events, where the incom-

ing photons were Compton scattered in one detector pixel and then photoabsorbed in

another. In this case the first segment measures the energy of the Compton-recoiled

electron Ee and the second segment registers the scattered x ray h̄ω′. These energy

depositions were detected in time-coincidences and their sum was equal to the energy

of the incoming x ray: Ee + h̄ω′ = h̄ω. Thus, knowing the energies of interactions and

their positions the whole Compton event could be reconstructed.

Figure 4.8: View of the target holder in the vacuum chamber. The image is taken by a web camera

attached to one of the chamber windows; a - from top to bottom: 2 µm, 500 nm, scintillator plate,

14 mm whole; b - electron beam profile on the scintillator plate.

The target holder had three slots for different targets and a round 14 mm hole

to check the spreading of an electron beam (see Fig. 4.8). It could be moved by a
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4.3. Measurement of the bremsstrahlung polarization

manipulator. On the first two slots we installed two gold foil targets of 500 nm and

2 µm thick. The latter was a spare one in case the thinner targets got broken or

damaged during the experiment. To observe the beam profile on the third slot the

scintillator plate was installed (see Fig. 4.8b). For the more thorough diagnostics of

the electron beam spreading the 14 mm diameter round hole was used. This test was

based on comparing the count rates in the detector when shooting the beam through

the 14 mm hole and when the target holder was completely removed from the beam

line. The difference in count rates denoted that the beam was not focused enough and

needed further adjustment.
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Data analysis

5.1 Pulse shape analysis and Compton imaging

Experiments involving hard x rays are always characterized by the large intensity of

the high energy background. However, due to geometrical reasons it is not always

possible to arrange a massive shielding of the detector. In this section we demonstrate

the algorithm of background suppression using Compton imaging. The precision of

this method is mostly defined by the positional resolution of the detector. For our

experiment we used a segmented detector with a pixel size of 1×1×2 cm, which was

by far not sufficient to effectively apply Compton imaging. With the help of the pulse

shape analysis algorithm, developed by A. Khaplanov specifically for our detector, we

could significantly increase the spatial resolution. The detailed description of PSA is

presented in Section 2.6.

In Fig. 5.1 the signal pattern of the 25 detector pixels for a typical data event is

presented. The two highlighted segments contain the charge collection pulses which

correspond to energy depositions. A number of induced transient pulses is present

in several neighboring pixels. Note that amplitudes of the induced signals are much

smaller compared to the charge collection pulses, and therefore were enlarged for a

better visibility. The 25 signals from one event were collected in one vector S̄ and
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fitted with the linear combination (2.10) of the basis pulses simulated for the number

of grid points throughout the detector. As a result we got the 3D coordinates for both

interactions with the precision of 3 mm.

Figure 5.1: Typical signal pattern for a single data event. Two highlighted pulses correspond to

the direct energy depositions. The amplitudes of the transient pulses in the remaining segments are

enlarged for a better visibility.

All events were treated as a Compton scattering interaction in one segment and the

photoabsorbtion in another. We selected the events with the calculated polar scattering

angle of 40◦ < θ < 85◦. Most of the registered events fell in this interval. Here, a

photon transfers most of its energy to the Compton electron and therefore in the image

reconstruction the larger of the two energy depositions corresponded to the scattering
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point. Knowing the exact positions of interactions the cone of possible directions of

incoming photon can be reconstructed (see Fig. 5.2a).

E1

E2

θscatt

E1

E2

Figure 5.2: The uncertainty of the cone reconstruction due to the finite position resolution.

The polar scattering angle θscatt was obtained from the energies of the interactions:

cos θscatt = 1− (h̄ω − h̄ω′)
h̄ω h̄ω′

mc2 = 1− E1

(E1 + E2)E2

mc2. (5.1)

The error of 3 mm in determining the absolute location of interaction caused the

uncertainty in defining the cone axis, as shown in Fig. 5.2. For the image reconstruction

we used the spherical coordinate system with the origin in the middle of the central

pixel’s surface and z axis pointing inside the detector. The coordinates ϕ and θ of

the possible incoming photon directions were plotted while taking into account the

uncertainty in the cone reconstruction. Therefore, instead of an ellipse (as in Fig. 2.16)

the back-projection of a cone takes a form of a ring (see Fig. 5.3). The statistical weight

of a ring is reversely proportional to the error in defining the cone axis, i.e., the events

with the larger distance between the interactions E1 and E2 make a larger contribution

to a single area unit.

To demonstrate the background suppression algorithm we considered the photon

energy of 1.6 MeV < h̄ω < 2.15 MeV since within our experiment we were interested

in the tip region of the bremsstrahlung spectrum. In Fig. 5.4 the the example of the
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Figure 5.3: Depending on the scattering angle the cone’s back-projections have a shape of a ring or

a sine. The events with the smaller error in defining the cone axis correspond to the narrower rings.

reconstructed image is shown. The location of the target can be determined by the

fitting of the ϕ and θ distributions with a Gaussian function. We achieved the angular

resolution of 10◦ analyzing the events where the distance between Compton scattering

and photoabsorption was larger than 40 mm. Further increase of the minimal distance

led to the significant drop of statistics and didn’t improve the angular resolution. The

spherical coordinates of the target were determined to be (180◦ ± 10◦, 90◦ ± 10◦).

Therefore by filtering out the cones which didn’t intersect with this area a significant

background suppression can be achieved (see Fig. 5.5). This imaging method was

used in astrophysics. The COMPTEL telescope on board of CGRO mission used the

principles of Compton imaging [130]. A new Compton telescope is planned to be put
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on orbit on board of the ASTRO-H satellite.
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Figure 5.4: Image reconstruction using spherical coordinates of cones back-projections. Photon

energy 1.6 MeV < h̄ω < 2.15 MeV , distance between energy depositions E1 and E2 d = 10 mm. The

projections of phi and theta are taken at θ = 90◦ and ϕ = 180◦ respectively.

5.2 Bremsstrahlung polarization

A typical measured spectrum is shown in Fig. 5.6. The low energy photons were sup-

pressed by 2 cm of lead placed between the target and the detector. For the polarization
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Figure 5.5: Image reconstruction using spherical coordinates of cones back-projections after filtering

out the background. Photon energy 1600 keV < h̄ω < 2150 keV , distance between energy depositions

E1 and E2 d = 10 mm. The projections of phi and theta are taken at θ = 90◦ and ϕ = 180◦ respectively.

analysis we chose the tip energy region of 1.6 MeV < h̄ω < 2.15 MeV. We estimate the

background level in this interval to be less than 6%. Most of the unwanted x rays origi-

nated from the beryllium plate mounted on a vacuum flange. The emitted background

radiation was estimated in the following way. As the electrons penetrate the plate,

the penetration depth provides the effective thickness of beryllium as a bremsstrahlung

target. The background level was obtained by the summation of the bremsstrahlung
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spectra calculated for each such layer. The effective electron energy was obtained using

the continuous slowing down approximation as a function of the penetration depth [131].
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Figure 5.6: Typical bremsstrahlung spectrum measured at anode. Lower energy photons are ab-

sorbed by 2 cm led layer.

When a photon is scattered in one detector segment and then photoabsorbed in

another, the real time difference between the energy depositions is less than 1 ns.

Therefore, with the time resolution of 100 ns provided by our detector, the time order

of these interactions was not resolved.

Eq. 5.1 is only valid for the events, where the photon was Compton scattered and

then photoabsorbed. In the events where two Compton scatterings took place in two

separate segments and the second scattered x ray escaped the detector, the condition

h̄ω = Ee+h̄ω
′ is not fulfilled and, therefore, the angle θ derived from Eq. 5.1 should give

a wrong result. To suppress such events, we limited the interval of the polar scattering

angles to 40◦ < θ < 85◦. Since in the energy range of 1.6 MeV < h̄ω < 2.15 MeV the x
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5.2. Bremsstrahlung polarization

rays scatter predominantly in the forward direction, most of the full energy deposition

events fell into this interval. Moreover within these energy and scattering angle intervals

the energy of the Compton electron Ee is greater than the energy of the outgoing photon

h̄ω′. Therefore the interaction with greater energy was considered to be the Compton

scattering point while the lower energy depositions - to be the photoabsorption.

To analyze the azimuthal distribution of the Compton scattered bremsstrahlung

x rays the azimuthal scattering angle ϕ was defined by the detector’s segmentation.

To balance the high statistics and the good definition of the angle ϕ, the events, in

which the triggered segments were separated by one segment, were selected for the

analysis. The square symmetry of the detector strongly modified the azimuthal scat-

tering angular distribution. A non-uniform illumination of the detector, caused by the

finite range of the bremsstrahlung emission angles and the collimation of the detector,

further distorted this distribution. In order to compensate for these effects, several

normalizations were performed. The number of the events of Compton scattering from

any segment i to another segment j, X[i, j], was normalized on the total amount of

Compton scattering events in this segment: I[i, j] = X[i, j]/
∑
j

X[i, j]. Since several

combinations of the segments corresponded to the same azimuthal scattering angle ϕ

(see Fig. 5.7a), the weighted averaged scattering intensity I(ϕ) was obtained from the

set of the corresponding normalized scattering intensities I[i, j].

To compensate for the solid angle differences between various combinations of the

segments, the intensity ratio normalization J(ϕ) = I(ϕ+ 90◦)/I(ϕ) that exploited the

square symmetry of the detector, was implemented [132]. In other words if a photon

scatters from a certain pixel i to a pixel j (having a scattering angle ϕ), there is always

a third pixel k having the same relative geometry (i → j = i → k) but the scattering

angle ϕ+ 90◦, as shown in Fig. 5.7b. The raw intensity of scattered photons as well as

the one after performing the mentioned normalizations are presented in Fig. 5.8.

The bremsstrahlung linear polarization was measured for the longitudinally and
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Figure 5.7: (a) Several pixel pairs corresponding to the same azimuthal scattering angle ϕ. (b) The

principle used for the normalization J(ϕ) = I(ϕ + 90◦)/I(ϕ). Two scattering directions differ by 90◦

but the segments have the identical relative geometry.
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Figure 5.8: Measured scattered photon angular distributions. (a) Raw distribution. (b) Distribution

after implementation of normalizations.

transversely polarized electrons. Withing these two measurements the azimuthal angu-

lar distributions of the scattered photons were obtained for two opposite electron spin

orientations (collinear and anti-collinear to the electron beam in case of the longitudinal

polarization and right and left to the electron beam in case of the transversal). The
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Figure 5.9: Normalized scattered photon angular distributions for the longitudinal (a) and transversal

(b) electron beam polarizations.

mirror symmetry with respect to the plane, defined by the incoming electron and the

emitted x ray propagation directions, requires that these two scattering distributions

must have equal modulations and be tilted by the same angles χ into the opposite di-

rections [20, 132] with respect to the reaction plane. Thus, to extract χ we fitted both

of these distributions simultaneously using the formula, derived from Eq. 2.6:

F (ϕ, χ,M) =
1−M cos 2(ϕ± χ+ 90◦)

1−M cos 2(ϕ± χ)
, (5.2)

while treating the modulation M and the phase χ as free parameters. Here +χ or −χ

were used for the opposite spin orientations. The fitting curves for both longitudinal

and transversal electron polarizations are presented in Fig. 5.9. The modulation M

is proportional to the degree of linear polarization. Since within this experiment the

degree of polarization does not reveal interesting physics, it was not analyzed.
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Results and discussion

For both transversal and longitudinal polarizations of the electron beam we observed the

rotation of the bremsstrahlung polarization plane with respect to the reaction plane.

The tilt angle χ was extracted from the fitting 5.2 of the scattered photon angular

distributions in three energy intervals at the tip of the spectrum: 1.6 MeV - 1.8 MeV,

1.8 MeV - 2 MeV and 2 MeV - 2.15 MeV. This allowed us to study the correlation

between the bremsstrahlung linear polarization and the photon energy while keeping the

good statistics in each interval. The extracted tilt angles of bremsstrahlung polarization

are presented in Fig. 6.1.

The change of the bremsstrahlung linear polarization as a function of the electron

spin orientation is described by a set of coefficients P1,2(x, y, z). Where P1 and P2 are

the first and second Stokes parameters and (x, y, z) are the components of the spin-

polarization vector. These coefficients can be written in terminology of Tseng and

Pratt as: C03 = P1(0, 0, 0), C31 = P2(0, 0, 1) and C11 = −P2(1, 0, 0) (see Table 3.1 in

Section 3.1.4). Here the z axis coincides with the electron beam propagation direction

and (x, z) is the reaction plane. The polarization tilt angles χz and χx of bremsstrahlung

produced by the longitudinally and transversely polarized electron beams respectively
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polarized electron beam. Dashed and solid curves represent the fully relativistic theoretical calculations

recently performed by V. Yerokhin [24, 133].

can be expressed as [57]:

tan 2χz = S
P2(0, 0, 1)

P1(0, 0, 0)
, tan 2χx = S

P2(0, 0, 1)

P1(0, 0, 0)
(6.1)

The observed rotation of the bremsstrahlung linear polarization indicates the sig-

nificant role of electron spin in the dynamics of Coulomb scattering. We explain the

correlation between the electron spin and the linear polarization of the emitted photon

in terms of the classical electrodynamics. Although the description of bremsstrahlung

in the MeV region must take quantum mechanics into account, calculations within

the classical approximation help revealing the underlying physics of this phenomenon.

Moreover, it gives the correct order of magnitude of the polarization tilt angle [57, 134].

Generally a non-relativistic electron is traveling in a central Coulomb potential along

89



CHAPTER 6: Results and discussion

reaction plane

precessing
scattering planeH

L

s

J

polarization plane

n

Z

βelectron spin

Z

Z

(a)

(b)y

x z

s

H

s

s

L

s

L

n
y z

x

(c)

x-ray
z

y

x

n

L

L

Figure 6.2: Classical explanation of the tilt of the electron scattering plane in projections along

the Y (a) and X (b) axes. The magnetic field H is induced by the moving nucleus. The direction of

the spin precession in this field and the induced orbital momentum precession is denoted by Ṡ and L̇

respectively.

the curve, defined by its conserved orbital angular momentum L = r×β. At relativistic

energies the influence of a spin becomes clearly pronounced. In the electron’s rest

frame the upcoming target nucleus induces the magnetic field. The spin of the electron

precesses in this field [135]. In a uniform magnetic field approximation the spin rotation

can be described by the Thomas-Bargmann-Michel-Telegdi equation [136]:

Ṡ = S × [E × β]
e

mc

(
g − 2 +

1

γ + 1

)
, (6.2)

where E is the Coulomb field of the nucleus, β = ve/c is the electron velocity, g =

2.00116 is the electron gyromagnetic ratio. Since the total angular momentum J =

S + L has to be conserved, the orbital momentum precesses together with the spin

L̇ = −Ṡ. This causes the tilt of the electron scattering plane, and therefore, electron

trajectory becomes three-dimensional [137, 138]. Figure 6.2 illustrates the geometry of

the process.

90



The closer is electron trajectory to the nucleus, the stronger is the precession of the

spin. Therefore, the intensity of the spin rotation is also dependent on the scattering

angle. The electron scattering can be expressed via the Lorentz force [57]:

β̇ = β × [E × β]
e

mc

γ

γ2 − 1
. (6.3)

Introducing the rotation speed of the electron spin Ωs and electron momentum Ωβ,

equations 6.2 and 6.3 can be expressed as Ṡ = S × Ωs and β̇ = β × Ωβ. Dividing

Eq. 6.2 on Eq. 6.3 we get:

Ωs =

(
(g − 2)(γ + 1) + 1

)
(γ − 1)

γ
Ωβ. (6.4)

For the electron energy of 2.15 MeV (γ = 5.2) we obtain Ωs = 0.82Ωβ. Since the

photon emission is peaked along the instantaneous electron direction, we assume that

the electron scattering angle matches the angle between the photon momentum and

the electron beam. Therefore the detection angle of 90◦ corresponds to the spin tilt of

75◦. We see that the classical model predicts the correct order of magnitude of the tilt

angle of the bremsstrahlung linear polarization.

Within the classical approximation we interpret our measurement as an observa-

tion the electron trajectory in Coulomb scattering being not confined to a single plane.

The trajectory is strongly affected by the spin-orbit interaction. This effect cannot

be observed in a typical scattering experiment. Bremsstrahlung linear polarization is

therefore a unique tool for probing the electron dynamics during the Coulomb scatter-

ing [9, 20, 57].

The difference between the tilt angles of bremsstrahlung polarization produced by

longitudinally and transversely polarized electrons can be understood in a following

way. In case of the transversal spin orientation the direction of the orbital momen-

tum precession L̇ is perpendicular to the photon emission direction n (see Fig. 6.3a)

and the tilt of the scattering plane directly corresponds to the tilt of the measured
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Figure 6.3: Precession of the orbital angular momentum L in the case of transversal (a) and longi-

tudinal (b) electron spin orientation.

bremsstrahlung polarization. In case of the longitudinally polarized electron beam,

however, L̇ is parallel to n (see Fig. 6.3b) and thus the rotation of the orbital momen-

tum has a much smaller effect on the bremsstrahlung linear polarization. This explains

why the measured tilt angle is smaller in the case of the longitudinal electron beam

polarization.

The observed correlation between the bremsstrahlung linear polarization and elec-

tron spin orientation is dramatically enhanced as compared to the previous studies

performed at 100 keV [57]. In particular the tilt angle of photon polarization produced

by longitudinally polarized electrons increases from 2.1◦ to 70◦ (see Fig. 6.1). However

at higher electron energies this effect is predicted to decrease [22, 23]. Therefore our ex-

periment indicates an important benchmark for bremsstrahlung theories at the electron

energies corresponding to the maximum of the polarization correlation [139]. Further-

more, it was predicted that, similar to Coulomb scattering, bremsstrahlung should

become sensitive to the finite size of the nucleus as well as to its spin [140, 141]. Also in

this energy range quantum electrodynamics (QED) should induce radiative corrections

to the angular distribution of the emitted x rays at the level of a few percent [142, 143].

92



Therefore bremsstrahlung polarization may be sensitive to the QED corrections too.

So far these effects were not included into calculations of bremsstrahlung from polar-

ized electrons. The experimental precision approaches the level where such effects may

become distinguishable.
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Summary and Outlook

In this work linear polarization of bremsstrahlung x rays produced in the collisions of

polarized electrons with gold atoms at the energy of 2.15 MeV has been studied. Our

measurement provides one of the most detailed probes of the electron spin dynamics

in a strong Coulomb field. The experiment was performed at the Mainzer Microtron

MAMI in the Institut für Kernphysik of Johannes Gutenberg-Universität Mainz, Ger-

many. The scheme of the experiment is presented in Fig. 7.1a. Bremsstrahlung photons

emitted at 90◦ ± 5◦ with respect to the electron beam propagation direction were reg-

istered by a planar position sensitive high-purity germanium detector. The front side

of the germanium crystal had a 5 × 5 square pixel segmentation. The measurement

was performed for the electron spin orientations collinear and anti-collinear to the elec-

tron beam propagation direction (longitudinal beam polarization) and collinear and

anti-collinear to x axis (transversal beam polarization). The bremsstrahlung linear

polarization was studied by means of Compton polarimetry.

Compton-scattered x rays and the recoiled electrons were detected in time-coincidences

in separate detector pixels. This allowed to sample the azimuthal angular distribution

of the scattered x rays. However, strong angular dependence of bremsstrahlung emis-

sion resulted in a non-uniform detector illumination, which together with detector’s

square geometry significantly distorted the measured angular distributions. A number
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Figure 7.1: (a) Scheme of the setup for the bremsstrahlung polarization measurement. The inset

shows the rotation of the polarization plane as the function of the initial electron spin orientation.

(b) Typical normalized angular distributions of scattered bremsstrahlung photons produced by elec-

trons with the opposite spin orientation. The phase shift between two curves indicates the rotation of

the bremsstrahlung polarization plane.

of normalizations were applied in order to compensate for these effects and interpret

the experimental data. This allowed for an extraction of bremsstrahlung polarization

angle χ with the precision of around 10%. The errors are mainly caused by the statis-

tical uncertainty. Fig. 7.1b shows the normalized angular distributions of the scattered

photons produced by electrons with the spin orientation collinear and anti-collinear to

the electron beam propagation direction.

The experiment demonstrates a dominant role of the electron spin in the dynamics

of electron motion in the Coulomb field of a nucleus and in the process of atomic-field

bremsstrahlung. Depending on the spin orientation the polarization plane of emitted x

rays rotated with respect to the reaction plane (xz plane in Fig. 7.1a) by as much as 70◦

in case of the longitudinally polarized electrons and 85◦ in case of the transversal beam

polarization. This is a dramatically enhanced effect as compared to the previous studies

performed at 100 keV [20, 21, 57], where the observed rotation of the polarization plane
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was of the order of several degrees.

We explain the observed phenomena in terms of a simplified classical model, which

indicates that at relativistic energies under the influence of a spin-orbit interaction, the

electron trajectory during Coulomb scattering on a nucleus is not confined to a single

plane. This effect is present at close distance to the nucleus where the Coulomb force is

extremely strong. It is not observable in a typical scattering experiment which controls

only the incoming and scattered electron propagation direction

The obtained results agree well with fully relativistic calculations based on the

partial-wave representation of the Dirac wave functions in an external atomic field [24].

However, further increase of the collision energy makes this theoretical approach ex-

tremely resource-consuming. At ultra relativistic energies, typically higher than 5 MeV,

bremsstrahlung could so far only be described within the Sommerfeld-Maue approxi-

mation [141]. Thus, our measurement represents an important benchmark for the

bremsstrahlung theory in the energy range where obtaining reliable predictions is dif-

ficult.

Bremsstrahlung at the short-wavelength limit can be considered as a time reversal

of photoeffect [5, 6]. Therefore our measurement can be interpreted as a time-reverse

production of longitudinally and transversely polarized electrons by illuminating the

neutral atoms by linearly polarized photons [144]. This phenomenon has never been

experimentally observed.

More accurate studies of bremsstrahlung polarization correlations at relativistic en-

ergies can reveal the presence of QED effects [143]. Finite size of a nucleus can also

influence the bremsstrahlung polarization [141]. Existing calculations of bremsstrahlung

produced by polarized electrons do not take these effects into account.

Of particular interest is the measurement of the correlation between bremsstrahlung

linear polarization and the initial electron spin orientation in a coincident experiment,

i.e., when the emitted photon is detected in coincidence with the deflected electron.
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Strong dependence of bremsstrahlung polarization on the scattered electron direction

was predicted in a number of theoretical investigations [68, 69]. Such experiment would

indicate an important step towards the kinematically complete measurement of electron-

nucleus bremsstrahlung where the polarization properties of all the involved particles

are controlled.

Detailed understanding of bremsstrahlung polarization correlations is required for

the application of the newly proposed method of a circular γ-ray polarimetry [145]. It is

based on the transfer of the photon spin to the recoiled electron in Compton scattering.

Measurement of the angular distribution and polarization of bremsstrahlung, produced

by these electrons gives access to the circular polarization of the incoming photons. Such

a technique combines well with the concept of Compton telescope. Thus, it should allow

circular polarization measurements of multiple sources. No such technique is currently

available. Its implementation should for the first time allow circular polarimetry of

cosmic γ rays.

The sensitivity of bremsstrahlung to longitudinal and transversal electron spin com-

ponents can be applied for the electron beam polarimetry. The principal setup should

consist of a photon polarimeter placed within the (x, z) plane as in Fig. 7.1 and addition-

ally two detectors placed within the (y, z) plane to register the up-down x-ray emission

asymmetry [146]. The vertical component y of electron spin can be potentially obtained

from the degree of bremsstrahlung polarization. Alternatively it can be accessed from

the left-right photon emission asymmetry measured by the additional pair of detectors

placed within the (x, z) plane. This method allows for simultaneous measurement of all

three components of electron beam polarization, which is an advantage as compared to

the Mott scattering technique. It should be suitable for the energy range from around

50 keV up to several tens of MeV.

Measurement of the bremsstrahlung linear polarization as described in this work,

can be also utilized for plasma diagnostics. Hot anisotropic plasmas, present in such
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Thermal shield

Figure 7.2: Scheme of a novel HPGe Compton polarimeter which is being developed by our group.

astrophysical objects as black hole jets and solar flares, are the intense sources of x-ray

radiation. General approach to the anisotropy diagnostics is based on measuring the

x-ray lines linear polarization. However, application of this method is often compli-

cated due to the low intensity and generally small degree of polarization of x-ray lines.

The more intense continuum part of the spectrum is dominated by bremsstrahlung

from hot electrons. Recent measurement of polarization of x rays emitted by a 15 keV

ECR plasma revealed the non-uniform distribution of hot electrons in the plasma vol-

ume [147].

Currently a new positional sensitive HPGe detector is being developed by our group.

The round segmentation symmetry eliminates the geometrical effects that modulate

the angular distribution of scattered photons, which makes the detector’s geometry

perfectly suitable for x-ray polarimetry. The principal scheme of segmentation is shown

in Fig. 7.2.
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