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Chapter 1
Introduction

Energetic ion-atom collisions of highly-charged heavy ions with neutral gases have
been extensively studied during last years, both experimentally and theoretically.
These studies became possible due to the experimental advances within the last
decade in heavy-ion accelerator and storage ring techniques [1, 2, 3, 4, 5]. Heavy
ion studies have been proved to be a unique tool in a large number of fields in
modern physics, in particular nuclear and particle physics, plasma physics and
astrophysics [6]. In atomic physics such investigations opened new perspectives
with respect to studies of simple atomic systems (i.e. H- or He-like uranium)
in extreme conditions, i.e. the strong electromagnetic field of nuclei and rela-
tivistic collision energies. Such conditions lead to remarkable effects both for the
electronic structure of the few electron ions and for their collision dynamics. A
strong electric field of heavy nuclei leads to strongly pronounced quantum elec-
trodynamical (QED) effects [7, 8, 9], significant changes in the level structure due
to strong spin-orbital interactions [10] and enhanced decay rates.

Besides structure studies for heavy ions, the dynamics of the relativistic ion-
atom and ion-electron collisions has attracted a particular interest. The dom-
inating processes in such collisions are the Radiative Electron Capture (REC)
or Radiative Recombination (RR). They represent one of the most fundamental
atomic processes along with the photoionization process which is a time reversal
of RR [11, 12, 13, 14]. Therefore the studying of the RR and REC is equivalent
to the investigation of the photoionization for highly-charged heavy ions in the

relativistic regime. For photoionization such techniques are still not established
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experimentally.

The RR and REC processes have been studied during last years in great de-
tails, including total and state selective cross sections, angular distributions and
alignment studies. It was shown that relativistic effects play an important role in
the REC process, for instance an unambiguous signature of the spin-flip effect,
mediated by magnetic interactions, was obtained in angular differential cross sec-
tion measurements [15, 16]. A detailed look into dynamics of the REC process
is also provided by alignment studies, i.e. studies of the magnetic subshell popu-
lation produced by the REC into a bound state of an ion, for example the 2p;/,
state. A strong alignment has been observed for U — Ny collisions for energies
above 200 MeV /u [17].

Theoretical studies of the REC have been confirmed by a large amount of the
recent experimental observations. Recently a topic of the polarization of REC
photons has attracted a particular interest. It was theoretically predicted that
the radiation following the REC into highly charged ions should be strongly po-
larized [18, 19, 20]. Nevertheless up to now no experimental investigations were
carried out for this subject, although the predicted effects have high magnitudes
and should be measurable with a high precision. Moreover, very recent investi-
gations show that the study of the REC polarization can give an access to spin
polarization of an ion beam [21]. This can lead to a possible application of this
technique as a nondestructive tool for the diagnostics of spin polarized ion beams.
Note that up to now all existing methods of the ion beam diagnostics require an
extraction of the beam out of a storage ring.

Another important aspect of the REC polarization studies is that in its time
reversal it gives an access to high energy photoionization polarization effects like
the cross over effect, theoretically predicted already in 1931 [22, 23].

Efficient studies of X-ray polarization became possible nowadays due to the
progress in the development of position and energy sensitive solid state detec-
tors. During last years such detectors find more and more applications in atomic
physics research [24]. Two-dimensionally segmented Ge detectors can be used as
Compton polarimeters. The Compton technique in X-ray polarimetry is known
since 50° [25] and it was widely used in nuclear science for many decades. Never-

theless it was not applied in atomic physics due to the low energy limit for this
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method at &~ 60 KeV, which was much to high for usual atomic spectroscopy
purposes. Nowadays atomic physics with highly charged ions requires to perform
a spectroscopy in hard X-ray regime, up to several hundreds of KeV. The high
purity Ge detectors have significantly improved energy resolution and timing.
Segmented Ge detectors, used as polarimeters can provide an increased sensitiv-
ity to the hard X-ray polarization and an efficiency by orders of magnitude higher

than the conventional polarimeter schemes used in 70’s in nuclear physics.

In spite of larger difficulties in handling of such detectors and higher com-
plexity of the data analysis, the future of atomic physics research depends in an
important extend on this kind of detectors. Besides polarimetry purposes these
detectors due to the fine segmentation and position sensitivity found an appli-
cation in precision spectroscopy in combination with crystal spectrometers [26].
The use of a DSP (Digital Signal Processing) based readout system can increase
position sensitivity of a 2D stripe detector by a factor of 2 + 4 and provide a 3D
position sensitivity which will allow to use such a detector as a Compton Camera
(Compton Telescope).

This work concentrates on two major tasks. First: an application of the
prototype 4x4 Pixel Detector as a hard X-ray polarimeter, describing the method
of the Compton polarimetry and it’s concrete realization using a position sensitive
Ge detector. Second: first experimental study of the polarization of K-REC
photons at the GSI ESR storage ring, an experiment was conducted for bare

uranium ions.

The thesis is structured in the following way. The chapter 2 contains a de-
scription of the main processes of the photon-matter interaction for the hard
X-Ray regime, required to understand the physics of solid state detectors and
their realization as polarimeters. The chapter 3 contains an introduction into the
subject of the Compton polarimetry including the basic concept, major formu-
las, all different schemes of the polarimeters and the aspects of an optimization.
The chapter 4 is the theoretical introduction in the RR and REC processes, the
current understanding of the physics of the relativistic ion-atom collisions. In
the chapter 5 we compare major experimental findings in REC with the theo-
retical results. The chapter 6 describes the employed experimental techniques
in the RR and REC studies. The chapter 7 describes the first experiment on
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the REC polarization, proof of the method and an unambiguous signature of the
strong polarization of the REC radiation. In the chapter 8 details of the data
analysis are discussed. First one describes the developed method of the Compton
polarimetry in application with the Pixel Detector, then discusses the error bars
and systematic effects. The chapter 9 shows the obtained results in comparison
with the theory. In the chapter 10 an outlook for these investigations is given

and in the chapter 11 the performed work is summarized.



Chapter 2

Interaction of X-Rays with

matter

In the following the major photon-matter interaction processes, required for a
basic understanding of the physics of photon detectors and their application for
photon polarimetry, are discussed.

The basic interaction of hard X-Rays with matter consists mainly out of fol-

lowing processes:

1. Photoelectric Effect
2. Compton Scattering (including Thompson scattering)
3. Coherent (Rayleigh) scattering

4. Pair Production

Figure 2.1 shows the cross sections for the above listed interactions for the

case of germanium atoms.

2.1 Photoelectric Effect

Photoelectric effect results in a total absorption of a photon Aw and an emission

of a bound electron. The energy of the emitted electron is then:

E = hw — Eping (2.1)

9
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Figure 2.1: Cross sections for the main interaction processes of hard X-Rays with matter for

germanium atoms [27, 28, 29, 30].

where FEj;,q is the binding energy of the electron in the initial state. The prob-
ability of the photoelectric effect per atom can be described by the following

relationship:

(VBN

o~ Z"(hw) (2.2)

where Z is the atomic number and n is a varying exponent between 4 and 5
across hw. Photoelectric effect is predominant for low energies and increases with
increasing atomic number. This factor is important to consider when choosing
a material for a X-ray detector. For germanium it dominates up to energies of
~ 100 KeV, see figure 2.1 for comparison. The Equation 2.2 is valid for photon
energies which are not close to the electron binding energies. The cross section
rapidly increases while the photon energy is approaching the K-shell binding
energy. Just after that point, the cross section drops drastically since K-electrons
are no longer available because of energy conservation 2.1. This point is usually
called K-Shell absorption edge. The same behavior occurs near L—, M — and the

other absorption edges.
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Figure 2.2: Kinematics of Compton scattering: Aw denotes the initial photon, Aiw’ the Comp-
ton scattered photon and e~ the Compton recoil electron, respectively. ©. is the Compton

scattering angle.

2.2 Compton Scattering

Compton effect is a scattering of photons on free or quasi-free electrons, see
figure 2.2. The kinematics of the Compton process is described by an equation

below which reflects the energy and the momentum conservation:

/ hw

o = 1+ (1 —cosf) (2:3)

Mec?

Here 6 is the Compton scattering angle and Aw and hw’ are the energies of the
incident and the scattered photons, respectively.
From the Equation 2.3 and the requirement of energy conservation iw = AFE+

fiw', one can deduce the recoil energy of the electron AE:

hw (1 — cos@
AE = hw—" c0s 6) :
1+ -5(1 —cosf)

(2.4)

These general relations of the Compton kinematics are shown in figure 2.3 for
two different energies of the incoming photons, 100 KeV and 300 KeV. One can
see that for relatively low photon energies (hw < mc?/2) the scattered photon
energy is always larger than the energy of the scattered electron. But for incident
photon energies above mc?/2 this is no longer true and the photon energy is larger

only at forward angles.
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Figure 2.3: Kinematical relations in Compton scattering. Dependance of the scattered photon

and electron energies on the scattering angle 6 for different energies of the incident photon.
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Figure 2.4: Mean energy transfer to the recoil electron in % of the incident photon energy.

2.2.1 Thomson limit

With decreasing energy of the incident photon, the energy transferred to the recoil
electron also decreases. Already at an incident photon energy of 1 KeV | only up
to 0.4% of the energy can be transferred to the recoil electron, see figure 2.4 for
comparison. The classical limit when no energy is transferred to the electron is

called Thomson scattering.
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The classical Thomson scattering cross section is equal to:

8
o= %r? = 6.6524 x 107 cm? (2.5)

e2

Mec?

where r, = = 2.8 x 10713 ¢m is the classical electron radius (it is the
radius of a spherical shell of total charge whose electrostatic energy equals the
rest mass energy of the electron). Note that the cross section of the Thomson
scattering is independent of the frequency (this result is strictly true only in the
limit Aw << mc?).

The differential cross section for this process is given by:

dU 2 N2

— =r(e-¢ 2.6

=€) (26)
where ¢ and ¢  are the incident and scattered radiation electric polarization vec-
tors. This expression can be derived from Larmor’s formula for the radiation of

an accelerated charge [31].

2.2.2 Klein-Nishina formula

The cross section for Compton scattering was first calculated by Klein and
Nishina using the theory of quantum electrodynamics. Nowadays in standard
text books [31, 32, 33, 34, 35] one can find the following equation for the differ-
ential cross section of the photons Compton-scattered into solid angle element
dsQ:

do  r2hw”? h'  hw .
o= 50 — (E + T 2sin? 0 cos® ) (2.7)

where ¢ is the azimuthal scattering angle, the angle between the plane of Comp-

ton scattering and the polarization plane, see figure 2.5 for comparison.

The sensitivity to the polarization is a feature of the Compton process which
is explored in Compton polarimetry. An angular ¢-distribution for a vertically
aligned photon polarization Eis displayed in figure 2.6. Measuring this distribu-
tion is a method to study the polarization of the photon beam.

Another important characteristic of the Compton process which is of particular

relevance for solid-state detector discussions is the energy distribution of the
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Figure 2.5: Geometry of the Compton scattering process. The angle ¢ is an angle between
the propagation direction of the scattered photon and the polarization vector of the incoming

photon.

Compton-recoil electrons, see figure 2.7. This introduces a background to the
measured X-ray spectrum. The maximum electron energy allowed by kinematics
is:

9 hw

AE = hw——me__ 2.8
1+ 20 (28)

mc2

Finally one may note that the Compton process plays a significant role
among photon interaction processes with matter in the energy range of

~ 100 KeV =+ 10 MeV, see figure 2.1 for comparison.

2.2.3 Rayleigh scattering (coherent elastic scattering)

Rayleigh scattering is essentially Thomson scattering on electrons bound in an
atomic potential, including the effects of resonances and phase coherence between
multiple electrons [36]. For the case when the energy of the photon is much higher

than the binding energy of the electrons, is:

do

a0 g2 0 N2
70 Zri(e-¢€) (2.9)

which is the same as Thomson scattering cross section but augmented by Z2,

where Z is the total number of electrons in the atom. The cross section is
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270

Figure 2.6: The differential cross section for the Compton scattering. Here the ¢-distribution
for a vertically aligned photon polarization E is displayed (see figure 2.5).
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Figure 2.7: Energy distribution of the recoil electrons, produced in Compton scattering of
photons with the initial energy of 500 KeV and 1 MeV respectively.
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proportional to the square of the electron number because of the scattering phases

correlation (coherence).

The Equation 2.9 is valid only for the low energy limit <2 KeV. For higher

energies Rayleigh scattering becomes strongly forwarded with a corresponding

cross section [28]:

1

Ocoh Rayleigh = WTS/ (1+ cos? 9)f2(9)d(cos 0) (2.10)

-1
where f(6) is an atomic scattering form factor which for higher energies falls off

rapidly with the scattering angle, see figure 2.8.
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Figure 2.8: Atomic form factor f() in Rayleigh scattering for germanium given for different
photon energies [36].

2.3 Pair production

For completeness one should also mention the Pair production effect, although
the properties of it are not explored in the present work.
For the photon energies larger than 2m.c? = 1.022 MeV a transformation of

the photon into an electron-positron pair can occur. A third body is required to
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conserve the momentum. Pair creation in presence of nuclei or electrons is shown

separately on figure 2.1.

2.4 Photon attenuation

A peculiarity of the photon interaction with matter is that the beam of photons
does not degrade in energy as it passes through the matter, but is only attenuated
in intensity. It is due to the fact, that the listed above processes remove a
photon from the beam entirely, either by absorption or scattering. The intensity

attenuation is exponential along the propagation distance [37]:

I(z) = Iy - exp(—0itotar px) (2.11)

where [ is initial intensity of the beam, 0, is a total cross section of the photon
interaction with matter for a given energy, which is a sum of the cross sections
of all processes, p is the particle density of the matter % and x is a thickness

of the absorber.

Ototal = Ophotoelectric + Zacompton + Opair production (212)

Here the factor Z at the Compton cross section is introduced due to the fact that
each atom has Z electrons. The total absorption coefficient is the inverse mean

path of the photon in the matter.

[(.Z') = [0 : e:(:p(—ux) )
where = CiotalP - (2.13)

2.5 Electron stopping power

The electrons produced by photoionization, Compton scattering or pair produc-
tion are stopped in the matter. FElectrons loose energy due to Coulomb colli-
sions that result in the ionization and excitation of atoms and due to emission

of bremsstrahlung quanta. Collision process dominates the energy loss process
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for electron energies up to 10 MeV. Figure 2.9 show an average path length of

electrons in germanium crystal.
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Figure 2.9: Mean path length of electrons in a germanium crystal as function of the electron

energy.



Chapter 3

Hard X-ray polarimetry - an

overview

For soft X-rays in the energy region from ~ 1 KeV to several tens of KeV, few
types of polarimeters employing Bragg reflection, photo-absorption and Thomson
scattering have been developed [38, 39, 40, 41, 42]. For the high energy range
(GeV), polarimeters employing an electron-positron pair production are used [43].
In order to investigate the polarization for the energy range from ~ 60 KeV up
to several MeV, a Compton scattering effect, which is known to be sensitive to
linear photon polarization, is usually employed. Compton scattering polarimetry
is known since 50° [25]. There, in order to investigate the polarization of hard
X-rays, a target for Compton scattering together with an X-ray detector was

used.

3.1 Basic polarimeter constructions

3.1.1 Introduction to Compton polarimetry

Various polarimeter types exist, representing different combinations of detector
materials, coincidence efficiencies, sensitivities, energy resolution, and technical
constructions [44]. The conventional method uses two or more X-ray detectors,
one as a scatterer and the other one as an absorber(s), see figure 3.1. The latter

detects the scattered photon typically at the angles of ¢ = 0° and ¢ = 90° with

19
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absorber 1

scatterer

ho s '

absorber 2

Figure 3.1: Basic scheme of a Compton scattering polarimetry experiment. One detector
serves as a scatterer and one or more as absorbers. The angular distribution of the scattered

photons delivers the information about the incident photon polarization.

respect to the plane defined by the incident photon propagational direction and
its polarization orientation. The degree of the linear polarization can be extracted
from measuring the angular distribution of the scattered photons.

The sensitivity of Compton scattering to linear polarization is described by the
Klein-Nishina formula 2.7, i.e. a differential cross section for photons Compton
scattered into an element of solid angle df2, see figure 2.5.

The scattering of linear polarized radiation results in an azimuthal modulation
of the counts, see figure 2.6. The modulation fraction is defined by [44]:

M(p) = x(go - 902) —Np) _or—on (3.1)
(p+90% + N(p) oL +o0,

Usually the later is used to find the maximum scatter direction. For com-

parison with the scattering cross sections the modulation fraction is expressed
in normalized units. M reaches its maximum when ¢ is in the direction of the

initial polarization vector, and its minimum appears perpendicular to it.
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Figure 3.2: Energy and scattering angle § dependance of the modulation factor M for various
photon energies (see Eq. 3.1).

The modulation fraction as a function of Compton scattering angle 6 is shown
in figure 3.2. Lower energies have a higher modulation fraction. The maximum
modulation fraction is above 90% for energies below 200 KeV, and occurs for
events where the Compton photon scatters by ~ 90°. With increasing energy
the peak of the curve moves slightly to smaller forward angles which might be a
useful fact in designing detectors that are optimized for energies above ~ 1 MeV.
The modulation fraction diminishes to zero for small scattering angles and in the
case of back scattering. Thus the most useful events are those which scatter into

the limited regime of angles around 90°.

Dependence of the differential cross section on the Compton scattering angle ¢
for different incident photon energies is shown on figure 3.3. One can see that for
highly relativistic energies (E > mc?), Compton scattering peaks mainly in the
forward hemisphere and reaches its minimum intensity always at 90°. In order
to optimize the polarimeter for the parameter M * o, detector systems should
be slightly forwarded (see figure 3.3). In contrast, in the Thomson limit (F <<

mc?> = 511 KeV), an ideal polarimeter would be optimized for the scattering
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Figure 3.3: Differential cross section of Compton scattering and the product of the differen-
tial cross section times the modulation factor for 100% linearly polarized photons at different
energies (Eq. 2.7 and Eq. 3.1).

angle of 90°. Furthermore, because the information about the initial photon
polarization is generally lost after the second scattering, the detector system
should be optimized to detect single Compton events. The method discussed
usually requires a possibility to rotate the polarimeter around the center axis of
the scatterer in order to measure a complete angular distribution for the Compton

scattered photons.

3.1.2 Detector material considerations and the ”Kine-

matic event selection”

Efficiency of Compton scattering and photoabsorption is the key for the con-
struction of an efficient polarimeter. Therefore both Compton scattering and
photoabsorption processes should have large cross sections for a given detector
material.

Figure 3.4 compares the total absorption efficiencies for Ge and Si. One can
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Figure 3.4: Total absorption efficiencies for Ge and Si crystals. The absorption efficiency is
given in terms of the attenuation coefficient (see Eq. 2.13) [27, 28, 29, 30].

see, that Ge is in general more efficient as a photon absorber. Therefore it is
more preferable to use it for polarimetry purposes. It will be shown later, that a
Si detector has certain advantages for the polarimeters, optimized for the lower
energy range.

The material selected for the active target should have large Compton scatter-
ing cross sections and should be relatively transparent for the scattered photons.
In contrast the Compton photons should be detected with a detector having a
large photo-absorption cross section.

Figure 3.6 shows a numerically simulated probability for multiple scattering
inside an infinite Ge crystal. It was assumed that the multiple Compton scatter-
ings are followed by a complete photoabsorption. With increasing photon energy
Compton scattering becomes more important (see figure 3.5) and the probability
for multiple Compton events increases drastically (see figure 3.6). Note, these
calculations where done for an infinite crystal size. In order to select only single
scattering events one must either reduce the size of the crystal or one should

restrict the experiments to the low energy region (less than ~ 200 KeV).
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Figure 3.5: Contribution of the Compton scattering cross section to the total cross section
of Ge and Si as function of photon energy. The level 0.5, where the Compton cross section
is equal to the photo-absorption cross section indicates the energy region where the optimum

performance of the detector system can be achieved.

Detector systems are usually based on scintillators and/or crystal Si/Ge ma-
terial. Plastic or fibre scintillators are used as a target, providing reason-
ably good energy resolution and timing. Solid state Si [45] or Ge detectors
[46, 47, 48, 49, 50], providing a much better energy resolution than scintillators,
can also be used. Compared to Ge detectors, a Si detector has the advantage
of having larger Compton scattering efficiency relative to photoabsorption, see
figure 3.5. Heavy absorbers based on Nal(T1), CsI(Na) scintillators [51, 52] can
be used, having a large full energy peak efficiency.

Solid state detectors can be used where the energy resolution typical for Ge
or Si detectors is required. It was demonstrated, that for the case of Ge, the sum
spectrum decomposed from the Compton photon and the recoil electron energies
has the Compton tail suppressed by a factor up to 10 [53].

As it was mentioned already the Compton scattering efficiency for Si is larger
than for Ge which possess a higher photoabsorption efficiency. Therefore a detec-
tor combination, where Si detector is used as a scatterer and Ge as an absorber,

can be considered as one of the best solution [54].
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Figure 3.6: Numerically simulated multiple Compton scattering probability for Ge crystal:
1-5 Compton events, followed by total photoabsorption as function of incident photon energy.

Also pair production was considered.

A good timing and a coincidence technique is required in all cases for an ef-
ficient background suppression. Besides this, a method called kinematic event
selection is usually applied for the further background reduction (see for instance
[50, 53, 55]): The electron energy deposition in the scatterer can be calculated
using the equation 2.4 which requires a precise knowledge of the geometry of the
detector system, i.e the angle #. Having this knowledge, one can select only the
events that obey this equation. For this the scatterer should be capable of detect-
ing events of such energies. For the energy range less than ~ 100 KeV the electron
energy deposition can be very small, depending on the Compton scattering an-
gle, and be in the same order as the electronic threshold (detector and electronic
noise). For the incident photon energy of 200 KeV, the scattered electron energy
deposition is equal to 56.3 KeV, for 60 KeV - 6.3 KeV, which is already near
to the electronic threshold. An analysis of the dependence of the polarimeter
efficiency on the low energy threshold was done in [55]. Larger polarimeter effi-
ciencies can be achieved by lowering the energy threshold for the scatterer. Low
energy threshold problem together with the dropping of the Compton efficiency at
low photon energies constitutes the low energy limit for the Compton scattering

polarimetry at the energy of ~ 60 KeV.
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3.1.3 Polarimeter quality considerations

There are several parameters widely used in order to compare efficiencies of dif-
ferent polarimeters. Among them is a Minimal Detectable Polarization (MDP),
a sensitivity calibration @), and different Figures of Merit F'.

1. The most typical parameter to compare qualities of different polarimeters
for astrophysical applications is the Minimal Detectable Polarization (MDP). The
MDP is given by [55, 56]:

| 42925+ B
MDP(99%) = —- =2 A; (3.2)

which is defined for a conidence level of 99%, where S is the source photon

flux, ¢ is the full-energy detection efficiency of the polarimeter for unpolarized
photons, M is the modulation factor, A is the collecting area, and B is the
background counting rate per unit surface, in a net observing time 7'. For the
derivation of Eq. 3.2 was assumed that the counting rates of the source as well
as for the background follow Poisson statistics. In the most common case where
the observation is dominated by the background count rate (B >> ¢S), an
important parameter is the factor of merit, R = eM/+/B, which is typical for a
given technology or configuration.

2. The Sensitivity Calibration @) of a polarimeter measures its response to
linear polarization. The response of the ideal polarimeter, constructed from point-
like detectors, is given by an analytical formula [25]:

Qo= 1+1;Lfa2 (33)
where a = E/mgc?.

Polarization sensitivity of a nonideal polarimeter is a fraction of this value
because of the finite size of detectors. These deviations from an ideal case make
reliable calculations of the polarimeter sensitivity rather difficult. The sensitivity
() can be also determined experimentally. It is equal to the Modulation fraction
M (see Eq. 3.1) for the 100% polarized radiation.

3. A method for comparing different type of polarimeters using a Figure
of Merit was suggested by Logan et al. [57, 58]. They proposed to use as a

quantitative description of a polarimeter quality a value:

F = eQ? (3.4)
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The concept of merit allows to compare different polarimeters by answering
the question: how long does one have to measure with a given polarimeter to
obtain a certain asymmetry with a given accuracy?

But the resolving power of a polarimeter depends inversely on the peak resolu-
tion W, the ability of the detector to resolve individual peaks in a spectrum. The

modified, more appropriate definition of the Figure of Merit would be [59, 60]:
F=eQ*/W (3.5)

For another possible definition of the Figure of Merit one can refer for instance
to [61].

Issues to be considered for basic polarimeter construction

There are usually a few weak points in the basic polarimeter construction. Low
detection efficiency due to incomplete coverage of the scatter material by the
absorbers. Small active geometrical area; the scatter element must not be too
large, because the scattered photon should have a high probability to escape after
one interaction event. (After two ore more Compton scattering interactions, the
polarization information is generally lost.) The necessity to avoid a significant
smearing of the modulation, due to the photons scattered with different azimuthal
angles or different angle 6., introduces the requirement of a large empty space
between the target and the detectors [55]. This leads to rather small ratio of the
effective area to the total geometrical area of the whole device, which can be ex-
tremely inconvenient for use in space limited experimental environments. These
disadvantages and also the necessity to rotate the device, which provides addi-
tional difficulties, increase the minimal time of observation and make it difficult
to measure time varying processes. In each of the preceding configurations the
probability for the scattered photon to escape the target (scatterer) is strongly
dependent on the point where the interaction occurs. This fact, besides reduc-
ing the modulation factor, can introduce systematic effects if the positioning, the
spatial anisotropy and the time variability of the background and/or of the source
counting rate are not completely kept under control, even if the whole system
is allowed to rotate. All these disadvantages lead to a very limited spectrum of

applications of the above listed devices. But as an advantage one can mention,



28 CHAPTER 3. HARD X-RAY POLARIMETRY

Figure 3.7: a) Single planar detector scheme; b) A possible geometry for the symmetric
design.

that such polarimeters can be built using conventional X-ray detectors and in
many cases do not require a special custom design. Due to the last factor such

systems are still in use [50, 62].

Single detector scheme

Employing the rotational principle one can even build a polarimeter using one
single very thin planar Ge detector, see figure 3.7a. In this case the scattering
and absorbing take place in the same detector and the total energy deposition
is detected [63, 64, 65]. A different event rate is observed for different crystal
orientations, according to the Klein-Nishina formula. But such detectors usually
have relatively low polarimeter efficiency in comparison for instance to double Ge

polarimeters and a large background [66].

Symmetric scheme

In order to improve the efficiency of the polarimeter one can use a symmetric

geometry, where each detector serves both as a scatterer and an absorber, see
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figure 3.7b [46, 67, 68, 69, 70, 71]. For this geometry there is no need in colli-
mating the scatterer, which reduces the efficiency of the polarimeter. The idea
of a symmetric design is utilized in many modern polarimeter schemes based on

multiple integral (segmented) detectors.

3.2 Multiple integral (segmented) detectors

Another scheme for an X-ray polarimeter utilizes segmented detectors and detec-
tor arrays. The typical material for the detectors is Ge. Very recently segmented
Si(li) detectors have also become available. Such detectors exhibit a high energy
resolution, good timing properties and two or tree-dimensional position sensitiv-
ity. The kinematic data selection is also allowed and used to suppress a possible
background. As far as the same material for both the scatter and the absorber is
used, the best performance can be achieved at energies where the Compton cross
section of the incident photon and photo-absorption cross section for the scattered
photon are of the same order. For Ge this energy is about 160 KeV, for CdZnTe,
this is 260 KeV, for Si is 60 KeV respectively, see figure 3.5 [72]. For the CdZnTe
the Photoelectric absorption limits its use to energies below 200 KeV. Therefore
the best candidate for the polarimeter in an energy range of 100 — 350 KeV is
Ge. The upper limit here is not principal. It arises from the fact, that in order
to perform the kinematic data selection it is important to be able to determine
the pixel of the first interaction in order to compute the scattering angle 6 for
each event. Fortunately due to the kinematics of the Compton process, below
few 100 KeV the recoil electron energy deposition is always smaller than the con-
sequent Compton photon energy deposition. The upper limit for the segmented
polarimeters is determined by increasing efficiency of the Compton process with
respect to the photo-absorption and correspondingly increasing the percentage of
the multiple Compton scattering events, which introduce difficulties in the anal-
ysis, see figure 3.6. The application of the Compton scattering polarimetry can
be extended up to energies of about a few MeV. The polarization sensitivity for
a four-fold segmented large volume germanium detector was measured in [73] up
to photon energies of 10 MeV.

The first approach to build an integrated polarimeter was to use a segmented
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a) b)
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Figure 3.8: a) Segmented planar Ge(li) polarimeter with a central segment served as the

scatterer; b) Radially symmetrical coaxial segmented polarimeter.

planar Ge(Li) detector symmetrically segmented around a central axis, see fig-
ure 3.8a. A central collimated ring shaped segment was used as a scatterer and
8 radial segments were used as absorbers. This provides a full coverage for the
azimuthal angle and a large solid angle for detecting scattered photons [74]. A
similar polarimeter was built using 4 radial segments instead of 8, providing a bit
less modulation factor but easier maintaince [75].

A slightly different approach was to use coaxial Ge(Li) detectors radially seg-
mented into 8 [76] or 4 [59] parts, see figure 3.8b. It these cases each segment
serves both as a scatterer and an absorber, significantly increasing the effective

scattering area.

3.2.1 Planar stripe and pixel detectors

In recent years the Compton polarimetry techniques have followed the progress in
the development of solid state segmented detectors. Here in particular germanium
segmented detectors (GSD) must be mentioned. The unique properties of such
detectors are millimeter to sub-millimeter spatial resolution as well as a good
time and energy resolution (e.g. 1.6 KeV at 60 KeV) [77]. Double sided stripe
detectors and true pixel detectors can be used for polarimetry purposes, providing
2 dimensional spatial resolution with a fine segmentation, where each segment

serves both as a scatterer and an absorber. The 2D position resolution provides a
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good possibility to use the kinematic data selection for background suppression.
Moreover, it was shown that solid state detectors even allow for the 3 dimensional
determination of the photon interaction point [78]. This feature can further

improve the polarimeter sensitivity.

The most typical problem of the segmented detectors is that events in adjacent
pixels have serious systematic biases. This results from a combination of effects
from charge sharing between strips (pixels), lateral diffusion of the charge cloud,
different properties of the strips on the opposite faces of the detector, and gross
geometry factor between adjacent pixels. Rather than to investigate these effects,
it is easier to demand that there is at least one strip with no signal between
the strips. This ensures a modest separation between two events, and reduces
systematic effects to very low levels. This also reduces the detector efficiency due
to an attenuation of the scattered radiation inside the detector. If the strips are
very wide, this efficiency loss becomes significant. Thus in order to increase the
polarimeter efficiency, the detector must have a fine segmentation. Nowadays,
technically, it is possible to make the segmentation down to 0.2 mm width strips
[77]. But in order to have relatively high efficiency for the detection of the
scattered photon, the total detector thickness must be at least of the order of the
absorption distance. For Ge, in the interesting energy range, it is around 10 mm,
see figure 3.4. For example for 300 KeV it is 17 mm, for 50 KeV it is 0.6 mm. One
must consider these values in order to choose the right detector segmentation. A
detector with a large amount of stripes is difficult to operate and an efficiency of
each stripe will be small in order to collect statistically enough counts. In order
to optimize the stripe size, first one must consider that the probability of multiple
events within one pixel should not be large. This limits the maximum size of the
pixel. On the other hand, the Compton scattered photons must be efficiently
absorbed within a distance of a few pixels. Note that the neighboring pixels can
not participate in statistics because of the charge splitting events, which have no
contrast to real Compton events. These conditions make the following empiric
rule. The optimum segmentation size is 1/4 of the absorption distance for a given
energy. Therefore it is practically better to build a polarimeter with the pixel
size of about 0.5 to 2 mm for Ge type detectors [72]. The optimum pixel size can

be different for different materials (Ge or Si) and different energy range (i.e. low
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Incident Scattered Scattered Attenuation | Absorption Desirable
Photon Electron Photon Coefficient, Distance, Segmentation,

Energy, KeV | Energy, KeV | Energy, KeV 1/cm mm mm
30 1.7 28.3 13 0.7 0.2
40 2.9 37.1 6.2 1.6 0.4
60 6.3 53.7 3.3 3.0 0.7
100 16 84 1.0 10.5 2.6
200 56 144 0.25 40 10
400 176 224 0.17 60 15
800 488 311 0.11 88 22

Table 3.1: Germanium Detector segmentation, optimized for different photon energies. Comp-

ton Scattering at 90° assumed for the planar detector geometry.

energies < 100 KeV or high energies up to 1 MeV). For Ge, one can see in table
3.1 that for the polarimetry purposes it is has no sense to make a segmentation of
a Ge detector smaller than 0.5 mm. On the other hand, note that the optimum
values for the energy region of 50 - 400 KeV vary by a factor of about 35, whereas
for the case of Si the same values vary by a factor of about 5, compare table 3.2.
For Si, the best segmentation would be 2 mm, optimized for lower energies, where
Si has above mentioned advantages compared to Ge.

For further improvement of the detector position resolution, a pulse shape
analysis of the real and mirror signals in the neighboring stripes can be exploited
as well as a charge sharing effect in the adjacent stripes [79].

To summarize the advantages of the segmented planar detectors one should

underline the following aspects:

1. A submillimeter (3D) position resolution together with the good energy res-
olution provide a perfect condition for the kinematic data selection and the

efficient background suppression.

2. With the help of the kinematic data selection, the Modulation factors which
can be achieved are significantly higher than reported for the scintillator po-

larimeters in the similar energy range [80].
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Incident Scattered Scattered Attenuation | Absorption Desirable
Photon Electron Photon Coefficient, Distance, Segmentation,
Energy, KeV | Energy, KeV | Energy, KeV 1/cm mm mm
30 1.7 28.3 14 6.9 1.7
40 2.9 37.1 0.70 14.3 3.6
60 6.3 53.7 0.44 22.8 5.7
100 16 84 0.22 44.8 11
200 56 144 0.15 69 17
400 176 224 0.13 78 20
800 488 311 0.11 93 23

Table 3.2: Silicon Detector segmentation, optimized for different photon energies. Compton

Scattering at 90° assumed for the planar detector geometry.

3. The fine segmentation and the symmetric design allow to achieve higher de-

tection efficiencies compared to other schemes [50, 60, 80].

4. A full 360° coverage of the azimuthal scattering area does not require any
rotation of the device. This can be essential in studying of the time varying

processes.

Differences in the stripes efficiencies introduce a small unavoidable intrinsic
anisotropy of the detector. The main cause of this anisotropy is probably due to
the differences in the gap between the strips on the boron and lithium sides. This
leads to an effect that an unpolarized beam can appear to have a small polariza-
tion if this anisotropy is not corrected. In any individual GSD, the magnitude of
the anisotropy is equivalent to a polarization of less than 10%. This anisotropy
can be calibrated and corrected with an unpolarized beam [80].

Scintillator technologies also provide a possibility to build finely subdivided
detectors for the polarimetry purposes. The group of E. Costa [55] analyzed two
different schemes of polarymeters based on scintillator fibres. Besides the above
discussed one-phase model, the model where each pixel serves both as a scatterer
and an analyzer, another possible configuration, which uses so called two-phase

model was discussed. This is a model where the role of a scatterer and a detector
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are committed to fibre detectors made from different kind of scintillators, more
specialized for each function. It was shown, that using such configuration it is
possible to increase significantly the efficiency of the polarimeter. It was also
shown that in order to achieve a slightly better performance one can use a hexag-
onal shape of the sections instead of a square one. Such detector scheme, based
on plastic/Csl fibre would be specialized for the energy range of 25250 KeV.
Unfortunately it is difficult to apply such technology to Ge/Si crystal segmented

detectors and detector arrays.

3.3 Other polarimeter types

It is also possible to improve the basic polarimeter scheme, based on a separate
scatterer and a detector. In [51, 52] a polarimeter based on plastic scintillator,
serving as a scatterer, surrounded by CsI(Na) and Nal(T1) Scintillator absorbers,
is presented. Such a system provides a full coverage of the azimuthal scattering
angle by absorbers, relatively large effective scattering area and more specialized
detectors for the scattering and absorbing function and for different scattering

angles.

For the polarimetry purposes big detector clusters can be utilized. In principle
every detector system which analyzes multiple scatterings inside the detector
and has a position resolution, can be used as a polarimeter. The example of
the EUROBALL cluster was evaluated in [61] and the ”Clover” detector for the
EUROGAM array was evaluated in [81].

The polarimeters, based on fine-segmented detectors and detector arrays can
also be integrated into imaging devices. For instance a Coded Aperture in front
of a doubly segmented detector can provide a scheme for a telescope which is
an improvement of a simple pin-hole camera [80]. In addition, the 3D detectors
can serve as Compton camera (see for instance [82]), providing aperture-free
imaging possibilities. Such combinations can find many applications for instance

in astrophysics and nuclear medicine.
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3.3.1 Measuring the polarization of high energy photons

For the high energy domain a polarimeter based on electron-positron pair produc-
tion effect can be built. Detection of y-ray linear polarization by pair production
was suggested by Yang [83], Berlin and Madansky [84] and Wick [85]. They
studied the azimuthal distribution of coplanar pairs with respect to the photon
polarization plane. A full QED analysis of polarization effects in pair production
was done by Olse and Maximon [86].

Several polarimeters employing the pair production effect in GeV energy range
were built since 1960 [87, 88]. Electrons and positrons after creation are separated
in a magnetic field and detected by solid state detectors. Recently a proposal
for a polarimeter scheme for several GeV energy, based on silicon micro-strip
detector was reported [43]. For this case the use of a magnetic field in not needed

because of the high position resolution of a PSD.

3.3.2 Measuring the circular polarization

For completeness one should also address the topic of a circular polarization,
although this subject will not be discussed within the context of this work.

A circular polarization can be measured by means of the Compton scattering
on polarized electrons available in magnetized iron [89]. A theoretical description
of polarization relations in Compton scattering was presented in [90]. A cor-
relation between electron spin polarization and circular polarization of photons
was discussed. Also physics of production and detection of circularly polarized
~v quanta by a Compton scattering with polarized electrons was described. The
scattering cross section depends on the relative direction of the scattered photon
and electron spin. Reversing the spins of the scattering electrons results in a
change of the scattered intensity if the X-ray radiation is circularly polarized:

2 2
Z—g = %%(@0 + P&, + P, - f®,) (3.6)
where
P, - degree of linear polarization,

P, - degree of circular polarization of the photons. It is positive if the radiation
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is right circularly polarized,
f - fraction of oriented electrons.
®, is Klein-Nishina unpolarized type of expression, whereas ®; and ®. are the

polarization dependent parts of the cross section:

Py =1+ cos?0 + (ko — k)(1 — cos )
P, = sin?0 (3.7)
®. = —(1 —cosb) ((ko + k) cosf costp + ksinfsin ) sin @)

where 1) is the angle between the direction of the incident photon k:B and the
electron spin §. From the expression 3.7 one can see that there are two possibilities
of measuring the circular polarization. The most obvious way is to reverse the
spin direction changing v into ¥ + 7 thus reversing the sign of ®.. Alternatively
one can change the counter position from ¢ to ¢ + 7 keeping the spin direction
fixed.

Most favorable geometry, where the ratio ®./®, has a maximum is forward
or backward. The ratio is bigger for the backward direction but the intensity for
this case is smaller, therefore the forwarded geometry is usually preferred [91].

This method works also for high photon energies up to ~ 60 MeV [92].



Chapter 4

Theoretical description of RR
and REC

The Radiative Recombination (RR) and the Radiative Electron Capture (REC)
are the dominating processes in ion-electron and ion-atom collisions respectively.
One must mention that for high-Z projectiles and low-Z targets, where a target
electron having a velocity vy = (aZr/nr)c (much smaller than the ion velocity,
where « is a fine structure constant, Zr is an ion charge and ny is a principle
quantum number), is considered as quasifree, the REC process is almost identical
to the RR, which in turn, is the time-inverse of the photoelectric effect, see figure
4.1. Therefore, the measurements of the radiative electron capture by heavy
ions allow us to study the strong field effects in the photoionization which is
one of the most fundamental interaction processes between light and matter [93].
In this chapter we will concentrate on some details of the RR process. It will
be shown that total and angular differential cross sections are dominated by
large cancellation effects between retardation and relativistic transformation. In
contrast no such effects seem to be present for the linear polarization of RR
photons. Therefore relativistic effects with respect to the wave function and the
motion of the electron show up in a particular clean manner.

By definition, RR is the process, in which a free electron with kinetic energy
T, is captured into a bound atomic state n (binding energy |e,|) with the simul-
taneous emission of a photon of energy hw. Energy conservation requires that

T, = hw—|€,|. We choose the direction of the incoming electron as the z direction,

37
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Figure 4.1: Schematic sketch of the time reversed processes: the photoionization and the

radiative recombination.

so that 6 is the emission angle of the photon. Since the radiative recombination
takes place in a moving system, we distinguish its quantities (energy, frequency
and angles) by a prime from the unprimed laboratory quantities.

Mathematical formulation of the time reversal analogy between Radiative Re-
combination and Photoionization is expressed in terms of the principle of detailed
ballance [94]. The RR cross section opr(E',0') is strictly related to the corre-

sponding photoionization cross section o, (E’, 6):

dQO'RR(E/,HI) i (u)l/c)2 dzcrph(E’,H’)
dEdQy p? dE'dCY

_ (m/)z 1 o (E,0)

mec? ) (%242 dE'dSY

(v =1+ e|/mec?)? dPou(E ) i1
o 72 1 dE'dQY ( . )

This equation is valid for one magnetic substate. If the total photoelectric

cross section is an average over a subshell, one has to multiply the right-hand
of Equation 4.1 by a factor (2J,, + 1) in order to compensate for this averaging

procedure.
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4.1 The Stobbe formula for K-shell REC

In the non-relativistic dipole approximation the process of Radiative Recombi-
nation has been theoretically treated by Stobbe [95]. Using the exact Coulomb

continuum wavefunction he derived for the K-shell RR the following expression:

2 —4r arctan 12
Stobbe __ 2872@)\2 v e~ varctan(1/v) (4.2)
RR 3 Te\14p2 1 —e2w '

where \. = h/mec is the Compton wavelength of the electron and v = Ze?/hv
is the Sommerfeld parameter. The constants in front of the v-dependent terms
make up a factor of 9164.7 barn.

The Stobbe formula proves to be quite useful to estimate the total cross section
of the REC into the K-shell up to projectile energies of few hundred MeV /u,
corresponding to electron kinetic energies (v — 1)mqc? well below the electron
rest energy [13].

Note that the effects of retardation are not included in the dipole approxima-

do.dipole
dQ2

distribution in the emitter frame (here 6’ denotes the emission angle in the emitter

x sin’f’

tion (e’kr — 1) and the angular differential cross section shows

frame).

4.2 Born approximation for K-shell REC and

the angular distribution

The Born approximation treats completely the effect of the retardation which was
neglected in the Stobbe formula, but in it assumes a plane electron wavefunction.

The result for the ozr(E', ') is obtained from the corresponding photoioniza-
tion cross section [96] by applying the principle of the detailed ballance, Equation

4.1: ) )
daRR(Q) - 8@7129
94 (1+ Bcosh)*

where the maximum is shifted towards backward angles. After applying the

(4.3)

Lorentz transformations:
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Figure 4.2: Schematic illustration of angular distributions in polar diagrams: (a) radiative

recombination in the projectile frame, (b) radiative electron capture in the projectile frame, (c)

Radiative electron capture in the target (laboratory) frame.

cosf — 3

1— (cosb

sy 1

- = 4.4
dQ  ~%(1 — B cosh)? (44)
B E

(1 + Bcosh)

/
cosf =

E/

we obtain:

dorr 5
4.
1 s 0 (4.5)

This pure sin?6 distribution is a result of the complete cancellation between
the effects of the retardation, i.e. of higher multipoles (leading to a deviation from
a sin?@ distribution) and the Lorentz transformation to the laboratory system,

see figure 4.2. This effect has been first observed by Spindler [97, 98].
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4.3 Angular distributions from the exact calcu-

lation
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Figure 4.3: Angle-differential REC cross sections for capture into the K shell of projectiles
with charge numbers Z = 50, 70, and 90 for projectile energies of 20, 100, and 300 MeV /u.
Spin-flip (dotted lines) and non-spin-flip contributions (dashed lines) are shown separately.

From [12], modified according to [99].

Figure 4.3 shows results of the exact relativistic numerical calculations of the

angle-differential K-REC cross sections. Quite generally, the differential cross
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section for radiative recombination into [ = 0 states of a spinless electron vanishes
in the forward and in the backward direction because initial and final electronic
states have m; = 0, so that the emission of a transverse photon with angular
momentum +1 in its direction of motion is forbidden by angular momentum
conservation. This means that RR and REC into [ = 0 states at forward or
backward angles can occur only by spin-flip processes mediated by magnetic
interactions aa relativistic velocities [12, 100, 101, 102, 103]. Therefore deviations
from the pure sin?0 distribution at 0° and 180° angles gives a signature of the
spin-flip processes, which can be measured experimentally. On the figure 4.3
one can see that with increasing energy and the projectile charge, the spin-flip

contributions become more prominent.

4.4 Photon Polarization

The study of the linear and the circular photon polarization is one possible way
to obtain more detailed information about dynamics of the RR or REC processes.
A measurement of the linear polarization is sensitive to an interferences between
right-hand and left-hand circular polarization (helicity) of the photons. In this
chapter we follow closely papers of J. Eichler et al. and A. Surzhykov at al.
[18, 20, 19, 21]. The polarization vector u is defined:

u(y) = % (e ™uy +eXuy), (4.6)
where uy are the circular-polarization vectors, and x is the angle between u(y)
and a scattering plane, the plane defined by the ion beam momentum and the
photon momentum k, see figure 4.4a.

The polarization of a photon beam in a mixed state is described in terms of
the spin-density matrix. Since the photon (with spin S = 1) has only two allowed
spin (or helicity) states |kA), A = =+1, the spin—density matrix of the photon
is a 2 x 2 matrix and, hence, can be parameterized by the three (real) Stokes
parameters [104, 105]:

W 1 [ 1+P P —iP,
<k)\ |5 | kA >: 5 . (4.7)
P +iP, 1-P
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Figure 4.4: a) The unit vector u(x) of the linear polarization is defined in the plane, which is
perpendicular to the photon momentum k, and is characterized by an angle x with respect to
the scattering plane. b) Definition of the polarization ellipse; its principal axis is characterized

by X0, the angle with respect to the scattering plane in the given measurement (right plot).

Stokes parameter P; reflects the degree of circular polarization, the two pa-
rameters P; and P, together denote the (degree and direction of the) linear po-
larization of the light in the plane perpendicular to the photon momentum k.
Experimentally, these Stokes parameters are determined simply by measuring
the intensities of the light I, linearly polarized under the different angles y with
respect to the scattering plane. For instance, the parameter P; is given by the

intensity ratio:
Ty — Iy

C Io+ Iy’
while the parameter P, is obtained from a very similar ratio at angles y = 45

1 (4.8)
and y = 135 degrees, respectively (see figure 4.4b):

_ ys — Iiss
Iys + Iiss
Instead of the Stokes parameters, however, in experimental studies it is more

(4.9)

2

convenient to represent the polarization state of the photon beam in terms of a
polarization ellipse which is defined in the plane perpendicular to k. In such a

representation, the degree of linear polarization:

P, = \/P2+ P2 (4.10)

is characterized by the relative length of the principal axis (of the ellipse) and the
direction by its angle yo with respect to the scattering plane. Figure 4.4b shows
the concept of the polarization ellipse and how Yy is defined; when expressed in
terms of the Stokes parameters, this angle is given by the two ratios [104]:

P P
cos 2y = P—l, sin 2y = P—2 (4.11)
L L
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The density matrix 4.7 is obtained from the final-state density matrix by

taking the trace over all quantum numbers of the residual ion [105]:

<k>\ 15 | k)\'> = Treum, (fy)

-y <FMF, k\ | py | F Mp, kX> . (4.12)
F Mp
In this general form, the photon matrix 4.12 still applies for any arbitrary spin
of the nucleus. As indicated by its labels A and )\, moreover, this matrix refers
to the helicity representation of the photon states. Assuming a zero nuclear spin
(Ip = My = 0), it simplifies to [20]:

<k)\|ﬁ“f|k)\l> = Z Z M;?g(m&)\a,ub) leg*(m;7)\laub)

1223 msm;

x <pms \pe\pm;>. (4.13)

while the elements of the transition matrix be%lf, which describe the interaction

of the ion with the radiation field, take the standard form [20]:
leg(ms, A ) = <jbub, kA ’ R ’ pm8>
— C/d3'r’ ;Zub(r) e ™ (1) . (4.14)

In recent years, this relativistic form of the transition matrix has been widely
used for studying the radiative recombination of high—7 ions at intermediate and
high collision energies [106]. For capture into bare ions, 1j,,,(r) and tp ., (r)
are the known solutions of the Dirac Hamiltonian for a bound or continuum
electron, respectively. Moreover, the unit vector u, denotes the polarization
of the photons. For the numerical calculation of the matrix element 4.14, the

computer code DIRAC [107] was used.

4.4.1 Theoretical Results for Photon Polarization

Figure 4.5 shows the degree of linear photon polarization P; as a function of the
emission angle 6 for various projectile energies for the capture into bare uranium
ions. One obtains a very high degree of polarization for almost all emission angles.

Eventually, in the nonrelativistic limit, the linear polarization in the scattering
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Figure 4.5: Energy dependence of the linear photon polarization as a function of the emission
angle 0 for K-REC into bare uranium ions (2=92) [18, 19].

plane Pﬁm = 1, is independent of Z [95, 108]. The strong depolarization effect in
the relativistic case is mediated by magnetic interactions and a strong spin-orbital

coupling in presence of the heavy nucleus.

It is interesting to note that one obtains a ”cross-over” at about 500 MeV /u,
beyond which the linear polarization becomes increasingly negative at forward
angles. This means that preferable photon polarization is then perpendicular to
the scattering plane. This corresponds to the ”cross-over” observed in the photo-
effect [108, 109, 110, 111], taking into account a replacement § — 7 — 6 and the
Lorentz transformation to the atomic rest frame, which compresses the angular
distribution at forward angles, see chapter 4.2. For the time-reversed photoef-
fect analog, at relativistic photon energies, the Dirac theory predicts maximum

electron emission in the direction of the magnetic field.

The polarization angular dependance for capture into bare argon ions (Z=18)
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Figure 4.6: Energy dependence of the linear photon polarization as a function of the emission
angle 6 for K-REC into bare argon ions (Z=18) [18, 19].

is shown in figure 4.6. One can see that the depolarization effect is much smaller
for low Z ions, what can be partially explained by an importance of the spin-

orbital interaction which is much stronger in high-7 regime.

The degree of circular polarization is displayed in Fig. 4.7, assuming that the
incoming electron has the spin projection m, = % At forward angles, a transition
can occur only if the photon carries away the angular momentum A = 1 (with
respect to the electron direction) leaving the electron with the spin projection
—%. At backward angles, the transition is achieved by A = —1. Corresponding

results have been obtained for the photoelectric effect [108].

To gain even more detailed insight into the dynamics of the REC/RR process,
one can consider possible spin polarization of the particles, participating in the
process. For capture of unpolarized electrons, only the Stokes parameter P;

is non-zero, while P, is identically zero, meaning that the polarization of the
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Figure 4.7: Energy dependence of the circular photon polarization (assuming m, = 1) as a
function of the observation angle 6 of the photon for K-RR at a projectile energies of 300 MeV,
500 MeV and 800 MeV for bare uranium [20].

RR/REC radiation is always within the scattering plane. For capture of the
longitudinally spin polarized electrons, the Stokes parameter P, becomes non-
zero, while P; does not change, see figure 4.8. This leads to an overall rotation of
the linear polarization of the RR/REC photons out of the scattering plane, see
Eq. 4.11. Due to a symmetry of the process with respect to the electron and the
ion, a similar effect must occur for capture of an electron by a spin polarized ion
beam [19]. This effect is limited to the case of T > %, where I is a nuclear spin.
The described effect can lead to an application is an ion beam spin polarization
diagnostics. Note that for energetic ion-atom collisions the REC process is dom-
inant and the K-REC photon polarization measurement should be an efficient

tool for controlling of the ion beam spin polarization.
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Figure 4.8: The Stokes parameters P; and P, of recombination/REC photons for capture of
100% polarized electrons into the K—shell of the bare uranium ions at an energy of 500 MeV /u
[19].



Chapter 5

Status of the experimental
studies of REC in comparison

with the theory

5.1 Total cross sections

An absolute measurement of total cross sections requires a detailed knowledge
of the beam and target geometry as well as the gas density and beam intensity.
The uncertainties introduced by these factors usually amount to about 30% [13].

Figures 5.1a and 5.1b show a comparison of all available experimental results
for total cross section of REC with theoretical predictions. Adiabaticity param-

eter n is defined here:

Eyin(MeV /u)
72

The data were collected at the BEVALAC (compare [114]) and at the

FRS/ESR facilities. For a comparison with theory, two competing processes

n=1/v*~40.31 x ) (5.1)

at relatively low energies ~ 100M eV were taken into account, i.e. the REC and
the non-radiative electron capture NRC. See figure 5.2 for comparison of the ex-
perimental data with the theory. For NRC, the relativistic eikonal approximation
was applied [115, 116, 117], which yields estimates for cross sections that are ac-
curate within a factor of two [114, 118]. For REC, the Stobbe theory [95] was

49
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Figure 5.1: a:) Total electron-capture cross-sections per target electron measured for heavy
bare ions (Z > 54) in collisions with light target atoms (molecules). The results are plotted as a
function of the n-Parameter and are compared with the result of a relativistic exact calculation
for Z = 80 as well as with the prediction of the non-relativistic dipole-approximation. b:) Same
as a) but extended to high relativistic energies. The data points at 12 GeV/u and 168 GeV /u,
are taken from [112] and [113] respectively.

used. One can see that for the light targets NRC process can be neglected for
the case of U%*" projectiles at 295 MeV /u. Figures 5.1a and 5.1b show a good
agreement between the experimental data and the theoretical predictions. The
experimental data confirm the strong cancellation effects between various higher
order multipoles and relativistic effects.

The method applied at the ESR is a relative measurement of total cross sec-
tion to the K-shell cross section. Here, the total electron pick-up processes are
normalized to the number of K-REC events registered by an x-ray detector. The

electron-capture cross section, o, is given then by the expression:

NUOH o REC
o e-/ TE__ 40 (5.2)

~— NE—REC ' 40

where NV is the number of down-charged U™t ions registered by the particle
detector, doBEC(6) / dS is the theoretical differential cross section for K-REC at
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Figure 5.2: a): Total electron-capture cross sections for U%?T on a Ny target versus projectile
energy. The dotted line represents the result of the eikonal approach for the NRC process [117].
The dashed line gives the prediction obtained for REC within the dipole approximation. The
solid line refers to the sum of both predictions. b):Total electron-capture cross-sections for bare
U2+ at 295 MeV/u colliding with gaseous targets ( U%?T — Ny, Ar) and with solid targets
(U92+ —Be, C). For Ny the cross section per atom is given. The results are compared with the
theoretical cross-section predictions for the NRC and the REC processes (dashed and dotted

lines). The resulting total electron-capture cross-sections are given by the full line.

the angle of observation 8, N¥~7FC ig the number of K-REC photons registered
by the x-ray detector, ¢ is the photon detection efficiency and df2 is the solid angle
spanned by the x-ray detector. The latter two factors define the overall x-ray
detection efficiency, and a precise knowledge of their absolute values determines
the final experimental accuracy. The detector efficiencies are measured with

absolutely calibrated X-Ray sources. The estimated uncertainty amounts to 5 %.
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5.2 Relative angular-differential cross sections

In comparison with total cross section measurements at the ESR, the angular
differential cross section studies do not require any theoretical value for the nor-
malization. Instead of this, measured Ly-as+ M1 transitions are used for normal-
ization purposes. Since the Ly-as and the M1 transitions arise from a decay of
the 2p;/; and the 2s;/, levels, the corresponding line intensity is isotropic in the
emitter frame (see e.g. [106]). In addition all solid angle uncertainties are can-
celled out by this normalization procedure and overall precision depends mainly
on detector efficiency calibration.

As it was shown in the previous section, the total REC cross sections are in-

sensitive to the relativistic contributions at intermediate energies. In contrast to
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Figure 5.3: a:) Angular distribution for REC into the K shell of bare uranium (solid circles)
as a function of the observation angle 6 (309.7 MeV /u U%2* —Ny) [15]. The solid line refers to
the complete relativistic calculations and the shaded area to the spin-flip contributions [101, 12].
The sin?6 shape of the nonrelativistic theory is given by the dashed line. The experimental
data and the nonrelativistic theory are normalized to the result of the complete calculations at
90°. b):Angular distributions for K-REC at 88 MeV /u U2t —Nj collisions [16]. Solid circles:
experimental result; solid line: relativistic calculations; shaded area: spin-flip contributions;

dotted line: sin26 distribution.
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this, the differential cross section and in particular angular distributions show
significant deviations from the non-relativistic dipole-approximation predictions.
This theory predicts the sin? 6 distribution, which is a result of the complete can-
cellation between the retardation and the Lorentz transformation [119]. However,
at the projectile energies of 300MeV /u and for Z = 92 a significant cross section
at forward angles has been predicted for REC into the K shell [11, 12, 101] and
has been shown to be a unique signature of spin-flip transitions and confirmed
experimentally.

Figures 5.3a and 5.3b show experimental results for the angular distribution
studies [15, 16]. The data were normalized to the theoretical prediction at 90°.
One can clearly see a good agreement between the experimental results and the
full-relativistic theory which significantly deviates from the symmetrical sin® @
shape. This is an unambiguous identification of spin-flip transitions occurring in

relativistic ion-atom collisions.






Chapter 6
The Experimental Environment

The RR and REC experiments recently carried out at GSI became possible due
to the latest achievements in producing and storing of highly-charged heavy ions
at GSI Schwerlonen Synchrotron SIS and the Experimental Storage Ring ESR,
respectively. Accelerating and storing of the highly charged ions with a brilliant
beam condition constitutes an important step towards precise REC studies.
The GSI accelerator facility consists of the UNILAC linear accelerator, where
low-charge ions get pre-accelerated to an energy of 11.4 MeV/u and stripped
to a charge state of 73+ by means of a thick carbon stripper foil. This charge
state is magnetically separated and directed towards the heavy-ion synchrotron
SIS. In the SIS, the ions are subject to a further acceleration of up to 1 GeV /u.
To produce bare uranium ions which have ~ 130 KeV K-shell binding energy, a
beam energy at least 300 MeV /u is required. The production of the bare species
is finally accomplished via extraction of the ions out of the SIS and an injection
into the transfer line towards the experimental installations. In the transfer line
the ions pass through a thick Cu stripper foils. From the emerging charge state

distributions, the fraction of bare ions is magnetically separated.

6.1 The Experimental Storage Ring ESR

A unique part of GSI accelerator facility is the ESR storage ring [121], see fig-
ure 6.2. The circumference of the ESR amounts to 108 m and its magnetic

rigidity to 10 Tm, respectively. The injected hot ion beam with a typical emit-
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Figure 6.1: Layout of the accelerator facility at GSI, the linear accelerator UNILAC, the
heavy-ion synchrotron SIS18, and the experimental storage ring ESR.

tance of about 5 m mm mrad is very efficiently cooled by Coulomb interaction in
the electron cooler, see figure 6.3. For efficient cooling of higher energy beams,
a stochastic cooling is also applied at the ESR [122]. The cooling of the beam
reduces the emittance to 0.1 7 mm mrad or less and provides beam diameters of
less than 5 mm. This factor is in particular important for precise measurements
at the jet target, where a control over geometrical factors and possible Doppler
corrections is required. The relative longitudinal momentum spread of the in-
jected ion beam after cooling is reduced from Ap/p ~ 1072 to about 107°. For
a detailed discussion of the electron cooling technique see [120]. In particular,
electron cooling guarantees for a well defined constant beam velocity which is
generally of the order of A3/3 ~ 10~%. A typical Schottky frequency spectrum
of uncooled ion beam in comparison with the cooled one is shown in figure 6.4.

Another important parameter of the ESR is a maximum number of the stored

particles. For uranium up to 10® ions can be stored routinely. This number is
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Figure 6.2: Schematic presentation of the storage and cooler ring ESR at GSI-Darmstadt. The
layout depicts the beam guiding system (dipole bending magnets, quadrupoles and hexapoles)
as well as the most important installations for beam handling and diagnostics (kicker, rf cavities,
Schottky noise pick up, electron cooler). The position of the internal jet-target is marked in
addition.
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Figure 6.3: Layout of the electron cooler device used at the storage and cooler ring ESR.
Electrons produced in the electron gun at a cathode temperature of ~ 1300 K are guided by a

~0.1 T magnetic field co-propagating over a distance of 2 m with the stored ion beam [120].

still below the upper limit of particles which can be stored in principle. These
limits are due to the space charge potential of the stored ion beams and restrict
the number of stored ions e.g. for the case of bare uranium at 556 MeV /u to
9.3 x 10? and at 50 MeV /u to 4.4 x 108, respectively [123, 1].

In order to investigate REC in a low energy domain, another unique feature
of the ESR namely the deceleration capability can be used [5]. For this pur-
pose, the electron cooler is switched off the coasting beam is rebunched and
decelerated while simultaneously ramping down the magnetic fields. At the final
stage of beam handling, the electron cooler is switched on again. For the case of
bare uranium ions the lowest beam energy achieved by this procedure is close to
10 MeV /u, [124].
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Figure 6.4: Schottky frequency spectrum for a circulating beam of U%* ions at 295 MeV /u.
The broad distribution refers to the non-cooled beam, measured directly after injection into

the ESR. The narrow distribution reflects the momentum profile of a continuously cooled ion
beam [125].

6.2 Experiments at the internal jet-target of the
ESR

The basic principle of charge exchange experiments at the ESR gas-jet target is
shown on figure 6.5, where ions after an electron capture or an ionization are
deflected by a ring dipole magnet to particle detectors. For this purpose Multi-
Wire Proportional Counters (MWPC) are available which allow one to measure
accurately the position of the up- or down-charged ions on the detector [126] with

a detection efficiency of close to 100%.

In fig. 6.6 a schematic graph of the gasjet is shown [127]. The jet is produced
by expanding a gas through a Laval nozzle of 0.1 mm in diameter. To meet the
ultrahigh vacuum (UHV) requirements of the ESR (= 107! mbar), the actual
set-up consists of an injection and a dump part, both separated by skimmers in
four stages of a differential pumping system. The present target concept can be
described as the creation of a supersonic jet with a large number of well defined
small clusters [127]. For a detailed description of the target set-up and design we
refer to [127] and [128].
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Figure 6.5: Principle of charge-exchange experiments at the internal jet target of the ESR
storage ring illustrated for the case of stored H-like ions. The primary beam of stored ions
at charge-state Q crosses a perpendicularly oriented molecular or atomic supersonic gas beam.
The ring dipole magnet serves as a magnetic spectrometer for changes of the magnetic regidity,

here electron capture (Q-1) and ionization Q.
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Figure 6.6: Schematic graph of the ESR internal target [127].

The typical gasjet target density amounts to about 10'? particle/cm? [127].
Target gases currently available are: H,, N, CHy, Ar, Kr and Xe. For the
expensive noble gases such as krypton or xenon, a recycling system is used. The
diameter of the target was measured experimentally by scanning the jet profile

via low intense ion beams (small ion beam diameter), and is about 5 mm.

6.3 REC studies at the Internal Target

The gas jet experimental chamber is essentially designed to study X-Ray emis-
sions at different observation angles. The accessible angles are =4°, 35°, 60°,
90°, 120°, and 150°, [15], see figure 6.7 for comparison [129]. All detectors are
separated from the UHV system of the ESR either by 50 pm thick stainless steal
(~4°, 60°, and 120°) or by 100 pm thick Be windows.

For the particular case of stored bare uranium ions, a sample x-ray spectrum

associated with electron capture is displayed in Fig. 6.8 [129]. This spectrum was
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Figure 6.7: Layout of the experimental arrangement at the internal jet-target. X-ray detectors

view the target interaction zone at observation angles of ~=4°, 35°, 60°, 90°, 120°, and 150°. All
detectors are separated from the UHV system of the storage ring either by 50 pm thick stainless
steal (/4°, 60°, and 120°) or by 100 um thick Be windows. Photon emission is observed in
coincidence with the down-charged ions, detected in the particle counter located behind the

dipole magnet. The photon detector close to 0° is mounted on a movable support.

obtained at an observation angle of 150° for 310 MeV /u U%** —N, collisions. Be-
side the Lyman ground-state transitions (Lyas: 2p3/o—1s1/2, Lyas: 2pjo—18y)2,
M1: 281 /5—1s; /2) the most prominent features observed in the spectrum are due
to radiative electron capture into the ground and excited projectile states. The
width of these lines reflects the Compton profile of the bound target electrons
(see e.g. [130]).

The possibility to study photon emission close to 0° is an important feature of
the current scattering chamber at the ESR jet target. For this purpose an intrinsic
germanium detector is mounted on a movable support, 510 mm down-stream from
the projectile-target interaction region. Periodically, after the injection of the ions
from the SIS into the ESR and having achieved a cold ion beam, the photon as
well as the particle detectors can be placed at their measurement positions. For
the photon detector, the latter corresponds to a distance of only 1 cm from the
circulating beam. This angle was used to identify magnetic spin-flip transitions

for the K-REC process as it is discussed in the chapter 5.2.
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Figure 6.8: X-ray spectrum observed at nearly 150° for U%2T—Nj; collisions at 310 MeV /u

[15]. The data were taken in coincidence with down-charged U%1* ions.

6.3.1 REC line shape analysis

Figure 6.9 shows a fit of the theoretically calculated REC energy distribution
to the experimental data. The theoretical double differential cross sections are
derived from exact cross sections for radiative recombination by adopting the
impulse approximation and the momentum distribution of the target electrons
(Compton profile). The momentum distributions are obtained by Fourier trans-
forming appropriate Roothaan-Hartree-Fock wave functions [101, 131]. On the
figure one can see a good agreement between the theoretical and the experimental
results.

Whereas the findings given above confirm the theoretical doubly-differential
REC cross-sections we like to emphasize that, for practical reasons, it is appro-
priate to neglect the transverse electron momentum for the description of the
Compton profile since the corrections introduced are rather small. For example,
to obtain the differential cross-section values for REC into the K-shell and into
the excited states, the following fit formula was applied for the line-shape analysis
of the measured REC spectral distributions [13]:

d*o 1 do;
Kﬁw—;%baif%ﬂwﬁﬂ

where the primed variables denote the projectile frame and the unprimed ones the

, (6.1)
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Figure 6.9: Theoretical doubly differential REC photon cross sections (solid line) for 358
MeV /u U2+ — Ar collisions in comparison with the experimental data. Individual contribu-
tions of the Compton profiles of the various shells of the Ar target are given separately 1s: (—
— —); 28 (-++); 2p: (+—+); 3s: (— - - —); 3p:(- - +). From [130].

target frame. Furthermore, J; is the Compton profile of the electron in the initial
target orbital 7, while ¢, is the projection of the electron momentum onto the
beam axis, and the quantities ¢; are fitting parameters. Following the description
of Kleber et al. [132], the quantity in the square brackets of Eq. 6.1 represents
the double differential cross section for REC into a specific projectile substate j.
For the differential cross section da]REC /d€ one may apply the prescription of the
dipole approximation [95], which is known to reproduce the energy dependence
of REC. In addition, for the Compton profiles, the tabulated values of Biggs et
al. [133] were used. Finally, the results must be transformed to the laboratory
frame. Using a x? minimizing routine, this method turned out to be well suited
for determining differential REC cross-section from measured x-ray spectra, i.e.

doubly differential cross-section data [13].



Chapter 7

The measurement of the K-REC

polarization

The first experimental linear polarization study for the radiation of the Radiative
Electron Capture was performed in October 2002 at the Gas-jet target of the ESR
storage ring at GSI Darmstadt. For the experiment a bare uranium ion beam
was used.

For the experiment bare uranium ions extracted out of the SIS were injected
into the ESR at an energy of 400 MeV /u. Directly after the injection from the SIS
the ions were cooled at the high energy. The cooler current and voltage applied
were about 100 mA and 213.5 kV respectively. As it was already mentioned
above, electron cooling guarantees a well defined constant beam velocity, generally
of the order of AB/3 ~ 107° as well as a reduction of the beam emittance.
The accumulated ion currents in the ESR were about 1-2 mA, corresponding to
about 1 to 3 - 108 stored ions. In order to exclude the data which might have
been influenced by the complicated beam-handling procedures during injection
and deceleration, no x-ray spectra were recorded during the beam accumulation
periods. Only after the completion of a whole cycle, the gas-jet was switched on
and the measurement was started. The N, gas was used as a target at an areal
density of p &~ 1+ 3 x 1012 22U The measuring time per cycle was limited by
the capture rate in the gas-jet target to typically few minutes.

The Pixel Detector was mounted in series at observation angles of 90° and 60°

angles relative to the ion beam, see figure 6.7. The measurement was conducted
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for different ion energies. For this a deceleration capability of the ESR was used.
In this case directly after the injection from the SIS (before the deceleration) the
ions were first cooled at the high energy, then electron cooling was switched off,
the coasting beam was bunched and the deceleration mode was applied. At the
low energy the electron cooling was repeated. Table 7.1 summarizes the main
ESR adjustments for each decelerated ion beam energy. For each energy and

detector position the measurement took approximately 2 days.

Ion Beam Electron Cooler | Electron Cooler | Pixel Detector
Energy, MeV/u | Voltage, KeV/u current mA Position
400.0 213.5 100 90°, 60°
98.4 54.0 100 60°
132.2 72.5 50 60°
190.0 103.8 50 60°

Table 7.1: The ESR adjustments for each energy of the ion beam.

X-rays emitted via Radiative Electron Capture in the gas-jet target were de-
tected by a segmented planar germanium Pixel Detector consisting out of 16
individual pixels, arranged in a 4x4 pixel matrix. The X-rays were recorded in
coincidence with down-charged uranium ions, as produced by capture of one elec-
tron from the gas-jet target. The down-charged ions were registered in a gas-filled
multiwire proportional counter (MWPC) which was installed in a pocket behind
the first dipole magnet downstream of the gas-jet target (compare the principle
of the charge exchange experiments at the ESR as displayed in Figure 6.5 and the
experimental arrangement at the gas-jet target as shown in Figure 6.7). During
the periods of beam accumulation, the detector was pulled out of the beam pipe
for the beam injection. Before the start of the measurement, the detector was
moved to such a position that down-charged particles could be detected without
disturbing the orbit of bare projectiles.

The Pixel Detector was fabricated in Forschung Zentrum Jiilich by D. Protic
and co-workers, it is shown on Picture 7.1. The high purity Ge crystal has a
planar geometry and it is segmented with 4x4 pixel matrix on a front side. Each

pixel has 7x7 mm size, see Figure 7.2a. The back side of the detector has a single
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Figure 7.1: The Pixel Detector. The detector was fabricated in Forschung Zentrum Jiilich
by D. Protic.

4X7 mm

4x7 mm N

Figure 7.2: a) Schematic view of the detector crystal segmentation. b) View of the 16-channel

preamplifier box. Each channel of the preamplifier is connected to a single pixel.

21x21 mm anode. The anode output is equipped with an internal precooled
preamplifier. The pixel signals are preamplified in an external preamplifier box,
connected directly to the detector housing in order to reduce a possible noise,
see Figure 7.2b. The front side of the detector is equipped with an aluminum

window of a thickness of ~ 1 mm.

At the angle of 90° the detector was mounted at the distance of 256 mm from
the gas-jet target behind a 100 um thick Be window. At the angle of 60° the
distance from the gas-jet target was 340 mm and a 50 pm thick stainless steel

window was used.
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The time resolution of the detector with the planar geometry can be as good as
20 ns. But in the particular experimental case the resolution depends strongly on
the preamplifier used together with the detector, the adjustments of the constant
fraction discriminators and the fast timing filter amplifiers. Moreover, the timing
value were measured relative to the particle detector. The obtained resolution of
the detector timing, relative to the particle detector signal, was 50 ns.

The limitation for the energy resolution was the resolution of preamplifiers.
The used FET’s are not precooled. The energy resolution in experimental envi-
ronments depends also on the noise conditions of the power supplies, background,
and other devices, working in the neighboring area. The obtained energy resolu-
tion for the Pixel Detector was of the order of 2 KeV, close to the specification
values.

Figure 7.3 shows the principle of the polarization studies at the ESR jet-
target. The Pixel Detector observes the K-REC X-rays emitted at the gas target.
Compton coincident events inside the detector were analyzed in order to extract
the information about the X-ray polarization. Figure 7.4 shows a coincident
Compton scattering spectrum observed with the Pixel Detector in comparison
with a single pixel spectrum. The measured intensity of the Compton scattering
in the vertical direction exceeds the intensity in the horizontal direction, which

is an unambiguous signature of the strong polarization of the REC radiation.



7. MEASUREMENT OF THE K-REC POLARIZATION 69

Figure 7.3: Principle of the REC polarization study with the Pixel Detector at the ESR jet-

target: analysis of the Compton scattering intensities in different directions inside the detector.
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Figure 7.4: The typical spectrum of one pixel observed in the experiment (upper plot). The
plot of the coincident Compton spectra (electron recoil energy + scattered photon energy) for

the scattering in vertical and horizontal directions (lower plot).






Chapter 8

Data analysis: Compton
polarimetry in application to the

pixel detector

8.1 X-ray spectra

In figure 8.1 a typical calibrated single pixel X-ray spectrum obtained from the
Pixel detector is displayed. This particular spectrum was measured at an obser-
vation angle of 90° at the gas jet target section of the ESR storage ring. N, gas
was used as a target. The bare uranium ions where stored and cooled at energy of
400 Mev/u. The spectrum was recorded in coincidence with down-charged ions.
See figure 8.2 for the X-ray - particle coincidences time spectrum. The filled
curve in figure 8.1 represents the background spectrum. One can see that in the
energy region of the K-REC line the background is almost zero. The coincidence
technique allows for an efficient suppression of background arising from different
sources: e.g. bremsstrahlung and cosmic radiation.

The spectrum structure represents two major processes occurring in ion-atom
collisions: Radiative Electron Capture (REC) and bound to bound transitions in
H-like uranium. The K-REC (K shell REC), L-REC and M- and higher shells
REC are resolved in the spectrum. The large widths of these lines are due to
the fact that the electron is captured from a bound states of Ny with different

momenta (Compton Profile) and therefore different relative velocities to the bare
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Figure 8.1: X-ray spectrum for H-like uranium, stored at 400Mev/u energy as observed
by Pixel detector, mounted on 90° at supersonic gas jet target of the storage ring ERS. The
spectrum was measured in coincidence with down-charged uranium ions. The filled curve rep-

resents measured random events, rising from the bremsstrahlung and used for the background

substraction.
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Figure 8.2: Coincidence time spectrum between a multichannel plate particle detector,

mounted at the position to detect down-charged ions and Pixel detector.



8.2. COMPTON SCATTERING 73

uranium ions, see chapter 6.3.1.

The capture into the L and higher shells is followed by ground state transitions
for instance the most prominent Lya; (2pss — 151/2) and Lyos (2512 — 1519
and 2p1/; — 1sy/) radiation. The detector energy resolution is sufficient to
separate these two lines.

A bump in the spectrum at an energy of ~63 KeV near the Lyas is due
to the Compton scattering of the Lyay and Lya; photons inside the aluminium
window in front of the Germanium crystal. The scattered photons with forwarded
scattering directions are absorbed in the detector. The forwarded scattering
direction leads to a small energy deposition inside the aluminium window as
scattered electrons.

A bump at an energy of =115 KeV is the Compton edge of the K-REC line.
This feature has a wide energy distribution due to the wide angular distribution
of the scattered photons and the large width of the K-REC line, see figure 2.7.

As far as the detector was mounted at the distance of 256 mm from the gas
target and has a 21 mm width, each pixel of the detector has an individual ob-
servation angle ¢ which leads to an individual Doppler shift. See figure 8.3 for
comparison. A possibility of the Doppler shift correction is a very important
feature of the segmented detectors. It can play a significant role in a precision
spectroscopy where a big detection efficiency is also required, which can be pro-

vided only by increasing the crystal size [24].

8.2 Compton scattering

8.2.1 Pixel to pixel coincidences

Compton events inside the detector where the recoil electron and the Compton
photon deposit energies in different pixels can be detected using a coincidence
technique. The Compton recoil electron deposits the energy in the same pixel
where Compton scattering occurs, see figure 2.9. For electron energies less than
200 KeV the mean electron path length inside the germanium crystal is below
0.15 mm. For a particular X-ray line the sum energy of the scattered electron

(hw') an outgoing scattered photon (AE) is constant and refers to the energy of
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Figure 8.3: X-ray spectra of the individual pixels feature the Doppler shift depending on the

observation angle 0 of each pixel, see Eq. 4.4.

the incoming photon (E = AE + hw').

8.2.2 Compton scattering kinematics

In figure 8.4 one can see a scattering plot of the coincident energy deposition in
one pixel versus the energy deposition in another one with a condition that only 2
pixels have triggered at the same time. The broad diagonal lines represent events
where the sum energy is constant. For the energies of the incoming photons less
than mc?/2 =~ 256 KeV, the electron energy deposition (2.4) is always smaller
than the photon energy deposition, see chapter 2.2. Therefore by applying the
energy condition of AE < fw’ one can identify the pixel where Compton scat-
tering took place (a pixel where the reloil electron was stopped and deposited
its energy). In this case the upper part of the line in the figure 8.4a represents
scattering from pixel 1 to pixel 2, and the lower part represents scattering from
pixel 2 to pixel 1. In contrast, in figure 8.4b, a scatter plot is displayed recorded

at 60° for U%* — N, collisions. In this case the condition Ex_gpc < mc?/2 is
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no longer valid and as a consequence, the energies of the Compton photon and
the recoil electron can no longer be separated unambiguously.

It is important to note, that for smaller incoming photon energies the separa-
tion between electron end photon energy depositions is unambiguous. See lower
energy parts (L-REC, M-REC lines) on figure 8.4 for comparison. For energie of
the incoming photons ~ 60 KeV, the maximum electron energy which depends
on the scattering angle is equal to = 6.3 KeV, which is near to the electronic
threshold used in the experiment. The electronic threshold limits the ability to
detect Compton scattering events and therefore it decreases the efficiency of the
detector as a polarimeter (see chapter 3.1.2).

Knowing the Compton photon and the recoil electron energies one can deduce
the scattering angle 0, see Equation 8.1. For real Compton scattering events with
correctly measured electron and photon energies cosf must be consistent with
the scattering geometry. Each scattering direction, which is represented by a pair

of pixels, has different limits for the angle 6:

N B
h' AFE+ho'’

Figure 8.5 shows boundaries for the Kinematic Event Selection (see chapter

cos = 1 —mc*( (8.1)

3.1.2). The area between the lines cos # = —1 and cos § = 1 represents the general
condition for the Kinematic Event Selection. Events outside this boundaries
do not represent Compton scattering. They are due to a background arising
from different sources. The upper boundary curve arises from the fact that the
electron energy deposition has a minimum threshold, which for this case is equal
to 20 KeV. This is a software threshold required to cut a low energy noise. The
lower boundary curve represents the accumulation condition that the lower energy
deposition corresponds to the recoil electron and the higher to the Compton
photon. It is always true for the energy of the incoming photons less than mc?/2 ~
256 KeV.

For the incoming photon energies higher than mc?/2 the energy condition
Ephoton > AE in true only for forwarded scattering angles, see figure 2.3. An
additional curve in the figure 8.5, starting from the energy mc?/2 represents a
lower boundary for the region, where the Compton photon and the recoil electron

can be separated unambiguously and therefore the direction of the Compton
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Figure 8.4: Compton scattering plot, an energy deposition in one pixel versus an energy
deposition in another pixel for the photons emitted from the ion beam at an energy of 400 MeV.
a) 90° observation angle in the laboratory frame, 248 KeV K-REC energy; b) 60° observation
angle and 368 KeV K-REC energy.
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Figure 8.5: Boundaries for the Kinematic Event Selection in the case of 2D detector, where
cos @ is not measured directly. The dense filled area shows a region where only the energy
condition Ep, > E; is required to separate scattered photons and electrons. The sparse filled
area shows the region where scattered electrons and photons are not separated by the energy

condition.

scattering can be determined.

Note, that a mistake in determining of the scattering direction leads to a
mistake in the angle ¢ by 180° which is not crucial for the polarimetry purpose
because of 180° symmetry of the scattering cross section described by the Klein-
Nishina formula.

Typical, experimentally measured, energy distributions of cosf, deduced by
Eq. 8.1 are shown in figure 8.6. It is clearly seen that for the upper plot
(400 MeV /u projectile energy, 90° observation angle) all events belonging to
K-REC line are in the "safe” region, where the separation between electrons and

photons is done by the energy condition. This also can be seen in figure 8.4.
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Figure 8.6: cosf, deduced from the measured scattered electron and photon energies by the
formula 8.1, plotted versus incoming photon energies. The spectrum was accumulated with a
condition of AE < hw'. Photons were emitted from the projectile at an energy of 400 MeV /u.
a) 90° observation angle in the laboratory frame, 248 KeV K-REC energy; b) 60° observation
angle and 368 KeV K-REC energy.
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This is not true for the lower plot (400 MeV projectile energy, 60° observation
angle) where the energy of the K-REC line is large enough and approximately
half of the events are outside of the "safe” region and therefore the photons and
the electrons are not identified by the energy condition. But as was said before
it is not a problem for the polarimetry task, because of the 180° symmetry of the
differential scattering cross section. The only inconvenience is that the Doppler
correction is no longer possible for those events because of the unknown point of
interaction. This results in an increased width of the K-REC line but does not
affect the angular intensity distribution.

In figure 8.7b is a coincident sum spectrum for two pixels is displayed, accu-
mulated with a condition of non-zero (above the threshold) energy deposition.
Note that the events, contributing to the statistics of the coincident spectrum,
contribute to background of the single pixel spectrum, see the chapter 8.1 and
figures 2.7, 8.1. The presented method uses segmented detectors to utilize these
events and to reconstruct the incoming photon energy.

As one can see in figure 8.7, the Compton coincident technique is insensitive
to low energy photons E < 60 KeV. This is due to the fact that the Compton
cross section decreases with decreasing of energy.

The K-REC line is well resolved in the Compton coincident spectrum. The
angular distribution of the Compton-scattered K-REC photons is analyzed in
order to calculate the degree of linear polarization.

All possible scattering directions inside the 4x4 pixel detector are represented
in a 7x7 scattering pattern, see figure 8.8. The scattering pattern represents a
virtual 7x7 segmented polarimeter, where the central segment (3,3) serves as a
Compton scatterer and other segments as photon absorbers. The statistics of all
pairs of pixels representing the same relative geometry inside the Pixel Detector

are combined in one pixel of the scattering pattern.

8.3 Scattering intensity distribution

Figure 8.9a shows a typical intensity distribution for the Compton scattering of
the K-REC photons, obtained from the pixel detector. For same scattering angles,

the statistics was summed up. The scattering intensity from one particular pixel
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Figure 8.7: Lower plot represents a coincident pixel sum spectrum accumulated with a con-
dition that only two pixels have triggered at the same time. On the upper plot a typical single

pixel spectrum is shown for a comparison.

0 1 2 3 4 5 6

okt
V’A{?
B

VI

2,
o
2

S
o U x W N R O

Figure 8.8: 7x7 scattering pattern represents all possible relative scattering geometries for
the 4x4 pixel detector. Each pixel in the scattering pattern except pixel (3,3) which represents
the scattering point, defines a direction for Compton scattering. The scattering angle ¢ is
determined by the centers of the pixels. The finite pixel size introduces a finite distribution of

the angle .
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Figure 8.9: Measured intensity distribution for Compton scattering. a) Raw scattering in-

tensity. b) Scattered intensity normalized to the solid angle of the pixel to which the scattering

took place. Also the attenuation inside the Ge crystal has been considered.

("pixel 17) to another ("pixel 2”) depends on the following factors:

1. efficiency of the pixel 1 as a Compton scatterer and of pixel 2 as a photon

absorber;

2. solid angle of the pixel 2 with respect to the scattering point;

3. distance between the pixels and the energy dependent attenuation;

4. geometry (shape) of the pixels.

These factors have been taken into account in the numerical simulation program,

used in order to calculate the detector response to polarized photon beams and

to extract the degree of linear polarization from the measured data. Figure 8.9b

shows the K-REC intensity distribution, normalized for the solid angle of the

pixels and for photon absorption in-between the pixels.



82 CHAPTER 8. DATA ANALYSIS

8.3.1 Pixel efficiencies

The measured scattering intensity depends strongly on the detection efficiencies of
the pixels. The determination of these efficiencies constitutes an important aspect
for an accurate measurement of the Compton scattering angular distribution.
Note that due to the extended geometry of the detector, the scattering intensity
from a particular pixel depends also on the angle of the pixel with respect to the
ion beam. The K-REC line has approximately the sin®# angular distribution,
where 6 is the emission angle in the laboratory frame, see figure 4.3. For instance
for the observation angle 6y = 60°, the intensity difference between outermost
pixels reaches 6%.

The pixel efficiencies can be deduced from the experimental data. The intensity
of a particular line, measured using a single pixel triggering mode (select events
where only one pixel triggered), is proportional to the efficiency of the pixel.
Therefore the relative efficiencies of all 16 pixels can be measured. The energy

condition was set to the K-REC line.

8.3.2 Internally normalized intensity distribution

For data evaluation , the 90° rotational symmetry of the 4x4 pixel detector was
exploited. Here the fact was used that for the Compton scattering from a given
pixel P1 into a pixel P2 (defining the scattering angle ¢) always a further pixel P3
exists with an identical geometry (P1—P2)=(P1—P3) except that the Compton
scattering direction differs by 90°, i.e. ¢ + 90°. This internal intensity normal-
ization I,/14 490 Was used in order to cancel out geometrical effects like different
solid angles of the pixels and different scattering distances, see figure 8.10a,b for
comparison. Note that after the normalization the values of the scattering inten-
sity are fitted with a corresponding theoretical normalized distribution based on
Klein-Nishina formula.

Figure 8.11 shows a normalized scattering intensity distribution for the K-REC
line at 400 MeV /u projectile energy and 90° observation angle. As already men-
tioned before, the scattering into neighboring pixels was not analyzed because
of the high background arising from detector-specific effects like charge splitting

between the neighboring pixels and the mirror signals. Because the scattering ge-
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Figure 8.10: a) Theoretical normalized Compton scattering distribution for different degrees
of linear polarization. b) An example of a pair scattering directions which is used for the

normalization (I and I,4900 ). Scattering to the marked pixels contribute most to the statistics.
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Figure 8.11: Normalized scattering distribution. a) Normalized intensity for scattering be-
tween two pixel having one pixel interval. b) Normalized intensity for the scattering between

pixels having one and two pixels interval.
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ometry inside the detector is not precisely determined, for instance the scattering
angle € is not known (compare figure 8.19), the Compton scattering events have
no contrast to the background events of the described above nature. This is the
reason why the Kinematic Event Selection does not work perfectly for neighbor-
ing pixels. In order to solve this problem the detector must have a 3D readout
and a better spatial resolution (smaller pixel size). For neighboring pixels also
the direction of the scattering is determined very roughly. The angle ¢ can be
distributed over 180°.

The scattering between two pixels, having one pixel interval, contributes most
to the statistics, see figure 8.10b and figure 8.11a for the corresponding normalized
distribution. The statistics of the scattering between pixels having two pixels
interval is more strongly suppressed by photoabsorption inside the Ge crystal,
figure 8.11b.

8.4 Monte-Carlo simulation /fitting program

Simulation of the detector response for the polarized light constitutes an impor-
tant step in data analysis. One should note that each point of the scattering
distribution still has a different geometry of the scattering. This must be taken
into account during the fitting of the experimental data.

The fitting program is based on Klein-Nishina formula. It takes into account
the geometry of the detector, the discussed above effects of the finite pixel size and
Compton- and photoattenuation. The scattering and the absorption centers are
distributed over the pixel dimensions with a probability obtained by a Monte-
Carlo simulation. The Compton angular differential cross section is therefore
averaged-out over these distributions. The following physical effects were also

taken into account in the simulation and fitting program:

1. multiple Compton scattering;

2. relativistic Compton scattering on bound electrons and Compton Profile;
3. Rayleigh scattering (coherent elastic scattering);

4. uncertainty in the detector depletion depth.
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Figure 8.12: Multiplicity of the coincidences inside the detector: the number of pixels trig-

gering at the same time.

To the detailed discussion of the above listed effects the next chapter is devoted.

8.5 Model description and errors estimation

8.5.1 Multiple scattering

In the chapter 3.2 the probability of multiple Compton scattering followed by
a complete photoabsorption was discussed. Multiple Compton scattering events
can be detected by the pixel detector. Figure 8.12 shows the distribution of the
multiplicity of the coincident events, the number of pixels triggering simultane-
ously inside the detector. One can see that the probability of the next multiplicity
decreases by almost one order of magnitude with respect to the previous one. It
is also possible to analyze the multiple Compton scattering. By applying the
Compton kinematic energy conditions one can track the photon inside the detec-
tor. But without a precise 3-dimensional geometrical information it is impossible

to determine the sequence of the scatterings with 100% confidence. Due to the
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Figure 8.13: Multiple scattering inside one pixel. Angles §; and 63 define the geometry of

double Compton scattering.

low probability of the multiple scattering and relatively complicated analysis of
these events, they where not evaluated. The double Compton scattering events,
where the photon after the last interaction escaped the detector, contribute to
the background of the coincidence spectrum. But as far as the energy of the
photon after the first scattering is approximately the half of the initial energy or
less, the next Compton scattering occurs close to the Thomson limit, the electron
deposition is low and the escaped photons carries away the biggest part of the
energy. This means that these events from the K-REC line contribute mostly to
the low-energy background. Therefore the effect on the deduced degree of linear
polarization is negligible compared to other systematic effects. In figure 8.7 one

can see that the background in the middle part of the spectrum is quite high.

8.5.2 Multiple Compton scattering inside one pixel

Figure 8.13 shows the case of double scattering inside one pixel. The first case
does not affect the scheme of the polarization detection if the last scattering is
followed by a full photoabsorption. The first scattering direction and the energy
of the scattered photon are determined in the same way to the single scatter-
ing case. The second case has potentially a problem, because the directions of
the photons after the second scattering are changed, but these photons can have
energies, close to the energies of the first scattered photons, and therefore it is
impossible to separate them from the single scattered photons. They contribute

to the background of the scattering intensity distribution and therefore can in-
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crease the systematic error of the measured polarization. Nevertheless a numer-
ical simulation of this process (double scattering inside one pixel followed by a
photoabsorption in another pixel) shows that its probability is 10* times smaller
than the probability of the single scattering. Therefore the multiple scattering

inside one pizel has a negligible effect on the measured polarization.

Analysis of multiple scattering events

As a comment one can say that such multiple Compton scattering events can
be used to analyze the polarization of the X-rays of higher energies, where the
probability of the multiple scattering is significantly higher, see figure 3.6 for
comparison. Also an utilization of the new generation of the segmented detectors
with a fine segmentation will provide more possibilities in this respect. Therefore
it is important to know the properties of such processes, e.g. the scattering

angular distributions, although this result is not used in the present work.

Figures 8.14 and 8.15 show a simulated 6 angular distribution of the first and
the second scattered photons for the case of double Compton scattering. As
far as the final absorption can take place only in the detector plane the sum of
angles must be approximately constant 67 + 65 =~ 90°. One can see that the first
scattering has a preferable forward direction whereas the second covers the rest
of the needed angle. This becomes obvious if we consider that the total Compton
cross section is larger for higher energies and that scattering on larger angles
decreases the energy of the Compton photon. Unfortunately this case is not in
favour of the polarization measurement. The other way around, with a small
second scattering angle, would be much better, because it would not introduce a
big error to the detection of the initial scattering direction, the one which depends
on the polarization. In future polarization studies, in order to analyze properly
such events, one needs to investigate how the photon polarization is affected by

Compton scattering.
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Figure 8.14: A simulated angular distribution of the first and the second Compton scattering

inside one pixel for the case where the last photon is absorbed in another pixel, see figure 8.13b.
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Figure 8.15: A simulated angular distribution of double Compton scattering occurred in one

pixel. The scattered photon is absorbed in another pixel.
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8.5.3 Relativistic scattering on bound electrons and

Compton profile

In the Impulse Approximation [134], which was used for the theoretical descrip-
tion of the Compton scattering process and for the fitting procedure, the electron
is considered to be free with a momentum distribution (Compton profile) corre-
sponding to the electronic bound states of the material used, see chapter 6.3.1.
This approximation is valid as long as the target electron binding energies are
considerably smaller than the energies of the incoming photons.

A double differential cross section for Compton scattering which includes the
electron motion with a momentum distribution p(p), the Compton Profile J(p,) =
[ [ dp.dp,p(p) and effects of relativistics in first approximation for the polarized
photons is shown here [135, 136, 137]:

d*c rém2w’ (R/ R 5
S — + — — 2sin?f cos? cp) J(p2) (8.2)
dw'dY  2uk — K| /m2+p2 \R R
where
R:w( m2+pg+(w—wlcosﬁ)pz/ﬂg—la) (8.3)

R =R —ww (1 —cosf) (8.4)

k—F isa photon scattering vector, p, is the projection of the momentum of the
initial electron on k — k. Here the Compton profile J(p,) gives rise to a broaden-
ing of the Compton line because of the electron motion before the collision. The
term \/m reflects relativistic effects at the scattering process. As far as the
energy transfer is not much smaller than the electron rest mass energy it is impor-
tant to consider relativistic effects in the calculations. A comparison of the Klein-
Nishina-like expression X giein—Nishina = w/w +w' /w—2sin’ § cos? ¢ with the more
exact relativistic treatment X,.cjarivistic = R/ R +R /R—2 sin? @ cos® ¢ was given
in [137]. The difference between these treatments increases with increasing of the
electron momentum and can not be neglected already when p, 2 5+ 10 a.u. The

deviations are especially significant for scattering angles 6 close to 90° [137].
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Figure 8.16: Compton Profile of Ge in atomic units. The thick curve represents the total
Compton Profile. The thin curves represent Compton Profiles of electrons of different levels of

Ge atom.
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Figure 8.17: Comparison between Compton Profiles of Ge (Z=32) and Si (Z=14).



8.5. MODEL DESCRIPTION AND ERRORS ESTIMATION 91

18
16
14 4

12

10

scattering probability

o e e e e
100 110 120 130 140 150 160 170 180 190 200
scattered photon energy (KeV)

Figure 8.18: Scattered photon energy distribution. Black curve shows the energy distribution
of the scattered photon directly after the scattering, grey curve - after a propagation to the

detection point.

Figure 8.16 shows the Compton Profile of Ge. The total Compton Profile is
a superposition of Compton Profiles of all bound electrons of Ge. The strongly
bound electrons like 1s, 2s, 2p have larger momenta and contribute most to the
wide shoulders of the total Compton momentum distribution. Weakly bound
electrons 4s and 4p are responsible for the low momentum part of the Compton
Profile and the FWHM is determined mostly by them. And 3s, 3p and 3d elec-
trons determine the middle feature of the profile. Figure 8.17 shows a comparison
between Compton Profiles of Ge (Z=32) and Si (Z=14). One could see that for
Si the FWHM is smaller which constitutes one of the advantages of Si detectors.

A numerical simulation using the equation 8.2 was performed for the Ge Comp-
ton Profile. Figure 8.18 shows an energy distribution of the scattered photon
where the initial photons have a fixed energy. This distribution can be under-
stood also as an energy condition E,, ~ E,p0 + Eping, Where Ej;,g is a binding
energy of the electron which participated in the scattering. The maximum Ge
electron binding energy Fx_snen = 11.103 KeV determines the wide shoulders of
the Compton broadening.
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The gray area shows the energy distribution of the scattered photon after
the propagation to the detection point. The asymmetry in the shape is caused
by the energy dependant attenuation (Compton and photoabsorption) inside Ge
crystal. It also results in a slight energy shift of the detected scattered photon
and therefore changes the deduced degree of the linear polarization. This effect
1s correctly included in the fitting procedure and therefore the caused systematic
uncertainty is negligible for this method.

Considering the effects of the relativistic kinematics and of the Compton Profile
together with the photoabsorption results in &~ +1.3° shift in the deduced degree

of linear polarization.

8.5.4 Rayleigh scattering (coherent elastic scattering)

As it was already discussed in chapter 2.2.3, Rayleigh scattering is an elastic
scattering process and no energy is deposited in the scattering center. Therefore
it doesn’t contribute to the coincident spectra. Nevertheless a possible scenario
where the Compton events can be followed by Rayleigh scattering can introduce
an error in determining the direction of Compton scattering. Due to the fact
that Rayleigh scattering is strongly forwarded (see figure 2.8), the introduced
uncertainty is small. The numerical simulation for this case shows +0.5% shift
in the deduced degree of linear polarization.

Another scattering scenario which can introduce a systematic error is the
Rayleigh scattering followed by a Compton scattering. The direction of the
Rayleigh photon can differ from the initial photon direction. This introduces
an uncertainty in the consequent Compton event geometry, i.e. an error in the
Compton angle 6. For the incoming photon energies larger than 200 KeV the
probability of the Rayleigh scattering into a broad angle band around 90° is
estimated to be smaller than 0.1% relative to the Compton effect probability.

8.5.5 Uncertainty in the detector depletion depth

The active zone of the detector in Z dimension is defined by a Depletion Depth
which depends on the applied bias high voltage. The detector normally operates
at 2000 V which provides 13 mm -+ 15 mm depletion depth. As one can see
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Figure 8.19: Compton scattering geometry depends on the Depletion Depth of the detector

(Z dimension).

in figure 3.3, the differential cross section of the Compton scattering process
has a bigger probability in the forward direction. But the detector geometry
limits the minimum scattering angle. The minimum and therefore the mean
scattering angle 6. depends on the depletion depths of the detector. On the
other hand, the modulation factor M(¢) strongly depends on 6., see formulae
2.7 and 3.1 for comparison. Due to this dependance, the uncertainty in the
depletion depth introduces an uncertainty in the calculated degree of the linear
polarization. Assuming the depletion depth to be 14 mm + 1 mm, the introduced
error reaches £2° up to £3° depending on the photon energy. This is the largest
systematic effect which is not well under control and depends on a high voltage
applied to the detector. A further improvement of the accuracy in this respect
will require a detailed study of the photon and electron detection near the edge
of the depletion zone or, as an alternative, a readout system which will provide

a 3D information for each event.
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8.5.6 Summary for the systematic effects

An influence of the effects discussed before on the deduced degree of linear polar-
ization was studied in detailes. These effects are included in the fitting routine.
The following list summarizes estimates for the various effects obtained by nu-

merical simulations:
1. multiple Compton scattering has no effect on the measured polarization;

2. relativistic Compton scattering on bound electrons and Compton profile re-
sults in +1.3% shift of the degree of the polarization and the systematic error
is negligible;

3. Rayleigh scattering is estimated to affect the polarization data by less than a

+0.5% while assumed as a systematic error;
4. uncertainty in the detector depletion depth results in +3 % systematic error.

Assuming an independent error propagation for the individual systematic un-
certainties, the overall systematic error of £2° up to +3° depending on the photon

energy is obtained.

Additional considerations for future polarimeters and Compton cam-

eras

It is relevant to note that the Compton Profile is a general limitation for the angle
resolution for Compton Cameras [138], the Compton Imaging devices based on
Gamma/X-ray tracking detectors or detector arrays, see for instance [82, 139].
For this purpose it is then more preferable to use elements with a narrow Compton
Profile like Si, at least as a scatterer in case when the scatterer and absorber are
separate. Omne of the best choices for the Compton Camera for spectroscopy
purposes in the energy range of 60 KeV =+ 1 MeV would be two 2D position
sensitive detectors placed one behind another. A Si detector must be used in front
as a scatterer, providing a relatively big efficiency in the Compton Scattering with
respect to the photoabsorption (see figure 3.5) and the narrow Compton Profile,
and a Ge detector behind it as an absorber, providing a big efficiency in the

photoabsorption. Both of these type of the detectors have the necessary energy
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and time resolution for the Imaging, Polarimetry and Spectroscopy purposes. The
detectors must have a segmentation of the order of typical absorption distance
or less to have relatively good efficiency and not high complexity. For types of

detectors listed above 1-2 mm pixel size would be appropriate.






Chapter 9
Results and discussion

As an example, figure 9.1 shows a typical angular distribution for Compton scat-
tering of K-REC photons as measured by the Pixel Detector. The experimental
values for the linear polarization are deduced from these distributions using the
method which was described in chapter 8. The statistical error bars were ob-
tained from a MINUIT-based fitting routine with two free parameters only. The
first parameter is the degree of linear polarization and the second one is the angle
of the polarization vector with respect to the reaction plane: the plane defined
by the ion beam and the photon emission direction.

Results obtained for linear polarization of K-REC into bare uranium for dif-
ferent beam energies and observation angles are summarized in table 9.1. The
statistical and systematic errors are shown separately. The latter arises mainly
from the uncertainty in the Depletion Depth of the pixel detector used. Un-
certainties introduced by multiple scattering, the Compton Profile and Rayleigh
scattering are found to be negligible (see section 8.5). The overall error was
obtained assuming no correlation between the statistical and systematic uncer-
tainties. Typical values for the reduced 2 for the fitted scattering distributions
were in the range between 1.4 to 2.6 with an exception for 132 MeV /u and 60°
where x? amounts to 3.6. The extracted angle of the polarization vector with
respect to the reaction plane is found to be zero with an uncertainty between +3°
and +6° depending on the measurement.

The experimental data, compared with the results of the exact relativistic

calculation of J. Eichler et al. [18] and A. Surzhykov et al. [19], are summarized in
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180
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Figure 9.1: The measured angular distribution of the Compton scattering intensity inside
the Pixel Detector. The fitted distribution is plotted for the 400 MeV /u projectile energy and
90° observation angle. A strong asymmetry of the angular distribution indicates a large degree
of linear polarization. The measured polarization angle is 0 & 3° with respect to the reaction

plane, the plane defined by the ion beam direction and the photon emission direction.

table 9.2. Good agreement between the theory and the experiment was obtained

for all experimental points.

In figure 9.2, the experimental values for the linear polarization measured at
60° and 90° bare uranium ions at 400 MeV /u are plotted together with the theo-
retical results. The experiment supports the exact relativistic calculation which
predicts a strong depolarization effect in the forward hemisphere, see section 4.4.1.
Theoretical predictions for 100 and 800 MeV /u are shown for comparison. The
calculation implies a strong dependance of the K-REC photon polarization on

the beam energy, especially at forward angles.

Figure 9.3 shows the experimental results for the linear polarization measured
at 60° observation angle for different projectile energies. A theoretical prediction
is also shown for comparison. The decrease of the degree of polarization at higher
projectile energies is explained by magnetic interactions which start to play an

important role at relativistic energies.
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Ion Beam | Observation | K-REC Degree Statistical | Systematic Overall
Energy, Angle Energy, | of the linear Error Error Uncertainty
MeV /u KeV | Polarization
400 90° 246 0.79 +0.07 +0.03 +0.08
400 60° 382 0.61 +0.12 +0.02 +0.12
190 60° 270 0.722 +0.05 +0.02 +0.05
132 60° 236 0.834 +0.04 +0.03 +0.05
98 60° 214 0.845 +0.06 +0.03 £0.07

Table 9.1: Experimental results for the degree of the linear polarization of the K-REC radi-

ation for bare uranium ions stored at the ESR at different projectile energies. Statistical and

systematic errors were added quadratically to obtain the overall uncertainty.

Ton Beam | Observation Degree Theoretical
Energy, Angle of the linear values
MeV/u Polarization

400 90° 0.79 £ 0.08 0.835
400 60° 0.61 £0.12 0.692
190 60° 0.722 £ 0.05 0.803
132 60° 0.834 £+ 0.05 0.838
98 60° 0.845 £+ 0.07 0.859

Table 9.2: Experimental results for the degree of the K-REC polarization compared with the
theoretical values of J. Eichler et al. [18] and A. Surzhykov et al. [19].

In order to illustrate this finding in more details the contributions of electric

and magnetic multipoles to the K-REC polarization are shown in figure 9.4. Here,

one can see that magnetic effects, i.e. the motional electro-magnetic field of the

projectile couples with the magnetic moment of the electron, has a large effect

on the photon polarization at all observation angles. Magnetic contributions are

especially significant at
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Figure 9.2: Experimental results for the linear polarization of the K-REC for 400 MeV /u
bare uranium ions. Theoretical curves of the exact relativistic calculations for the polarization

angular dependencies are displayed for the bare uranium beam energies of 100 MeV, 400 MeV
and 800 MeV [19].
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Figure 9.3: Experimental results for the linear polarization of the K-REC for 98, 132, 190
and 400 MeV /u bare uranium ions. The observation angle is 60°. The theoretical curve from

exact relativistic calculations for the polarization energy dependance is displayed as well [19].



9. RESULTS AND DISCUSSION 101

4
c e TTTTTTITTTTTTTI ~<
i) -
©
o 087
—
L
)
Q. 0.6
—_
®
9]
c
= 04
2
=1 J electric multipoles
© o244 45— magnetic multipoles
g complete
2 | A~
- 00+ o \\ T AT
Ny
ST
-0.2 T T T T T T T T 1
0 30 60 90 120 150 180

observation angle 6 _ (deg)

Figure 9.4: Experimental results compared with the complete relativistic calculation of
A. Surzhykov at al. [19] for bare uranium at 400 MeV/u. Results where only electric or
magnetic multipoles are taken into account are shown separately. The straight line at 1.0

(complete polarization) denotes the result of the nonrelativistic calculation.

angles between 60° and 150°. At forward angles electric multipole contributions
lead to depolarization whereas magnetic multipoles increase the degree of polar-
ization. In particular the cross-over effect, occurring at higher projectile energies,
is originated by the electric multipoles. Note that magnetic effects such as spin-
orbital interaction occurring in presence of a heavy nucleus are taken into account
by the Dirac electron wavefunction and are included in the electric multipole
contributions. The measured values show the importance of considering both the
strong field effects (spin-orbital coupling) and magnetic interactions (coupling of
the electron spin with the motional field of the ion). For the case of the linear
polarization of the K-REC photons, these effects show up in a particular clean

way.

For completeness, one may compare the K-REC angular distribution (sec-

tion 5.2, figure 5.3) with the angular dependent photon polarization displayed in
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Figure 9.5: Experimental results compared with the complete relativistic calculation [19]
for bare uranium at 400 MeV/u. The extended strong potential Born (SPB) approximation
calculation is plotted for comparison [140]. A straight line at 1.0 denotes the result of the

nonrelativistic calculation.

figure 9.4. This is in contrast to the angular differential K-REC studies where
a cancellation effect between higher multipoles and the Lorentz transformation
occurs (except close to 0°). There a complete relativistic treatment introduces
only a small deviation from the pure sin?§ distribution for the laboratory frame.
In contrast, there is no cancellation effect for the polarization of the K-REC
photons. The degree of the K-REC polarization deviates significantly from the
non-relativistic result which predicts a 100% polarization for all observation an-
gles. Therefore polarization studies give a direct measure of relativistic effects in

radiative recombination.

In figure 9.5, the experimental data are in addition compared with a strong
potential Born approximation (SPB) [140]. In contrast to a usual Born approxi-
mation the SPB includes a distortion of the wave functions as introduced by the

Coulomb potential [141]. As seen in the figure 9.5, this approximation is obvi-
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ously in disagreement with the experimental finding. This disagreement arises
from the importance of the spin-orbital interaction and other strong field effects
which are not completely considered by the SPB approximation. Nevertheless,
this theory qualitatively describes the behavior of the linear polarization includ-
ing the cross-over effect [140, 142].

The result for the angle of the polarization ellipse deduced from the Comp-
ton scattering distribution (see figure 9.1) yo = 0.° &+ 3° proves the theoretical
prediction that for K-REC the linear polarization is aligned in the plane defined
by the ion beam direction and the direction of the emitted photons, assuming an
unpolarized ion beam (see figure 9.6) [19, 21].

As shown, the method developed here leads to a good polarization angular
resolution. Using it we achieve an angular sensitivity of +3° with the pixel de-
tector used in this work. However, one should keep in mind that this detector
has a rough segmentation matrix with 7x7 mm pixel size and therefore a broad-
ening of up to +15° in every scattering direction. Applying this method to a
new generation of segmented detectors with millimeter or submillimeter position
resolution should allow for an angular resolutions of the order of +£0.5°. Such
resolutions should be sufficient to access experimentally effects of the ion beam
spin polarization (see chapter 4.4.1 and figure 4.8). Figure 9.7 shows a theoretical
prediction for the polarization angle of K-REC photons for spin-polarized H-like
29Bi ion beam. One can already see that at an observation angle § = 30° the
degree of the ion beam spin polarization can be measured with an accuracy of

10 %, having a £+0.5° precision for the K-REC polarization angle.
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Figure 9.6: Rotation of the K-REC polarization vector E for a longitudinally spin-polarized

ion beam.
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Figure 9.7: Rotation angle of the K-REC polarization ellipse xo for the longitudinally spin
polarized H-like 29°Bi ion beam with a nuclear spin I:%. The projectile energy is 400 MeV /u.

Different degrees of the ion beam spin polarization are considered [21].



Chapter 10

Outlook

As it was described in this work the new segmented Pixel Detector has found
an important application in the advanced experimental studies of the Radiative
Electron Capture into heavy ions in the relativistic regime. These investigations
open many new perspectives for the studies of REC and more general for the
investigations of polarization phenomena in relativistic ion-atom and ion-electron

collisions.

10.1 REC polarization studies

The non-destructive diagnostics of the beam spin polarization was a subject of
discussions for a long period of time. In recent years several experiments with
polarized ion beams were proposed. For instance a study of a parity noncon-
servation phenomena in few-electron systems [143] or spin-dependent effects in
electron capture processes [144]. However, a reliable method of controlling and
measuring the ion beam spin polarization, required for such experiments has not
been developed up to now. Nevertheless the recent theoretical investigations of
the polarization of REC into spin-polarized ions cast new light on this topic [21].
As it was already discussed in the chapter 4, the effect of the ion spin polarization
in the REC process leads to a non-zero non-orthogonal component of the REC
polarization P, see figure 10.1. In terms of the polarization ellipse this means
that the ellipse has a non-zero angle with respect to a plane defined by the ion

beam and photon beam directions. The measurement of this angle can be ac-
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Figure 10.1: a) The Stokes parameters P; and P of recombination/REC photons for capture
into the K—shell of the bare uranium ions at an energy of 500 MeV /u [21]. The Stokes parameter
P, is shown for the capture of completely polarized electrons. b) Projectile energy dependence
of the linear photon polarization of recombination/REC photons for capture into the K—shell of
the bare uranium ions at energies of 300 MeV, 500 MeV and 800 MeV. The negative value of the
P, Stockes parameter illustrates the cross over phenomenon: changing of the REC polarization

plane to a perpendicular to the reaction plane for high projectile energies [19].

complished with the established technique using the existing Pixel or 2D stripe
detectors.

A possible experimental approach to polarize ion beams in storage rings has
been discussed in [145]. It is proposed to use a selective laser excitation of the
hyperfine sublevels of the H-like §3' Eu ion with a nuclear spin [ = g leading to
group-state hyperfine levels with F = 2 and F' = 3. Due to the strong hyperfine
interaction in these ions (hyperfine splitting is AE = 1.513eV') the nuclei will be
polarized after about 107! s. It is also shown that these investigations can be
accomplished with the current GSI ESR installation.

In the New Experimental Storage Ring NESR, which is a part of the GSI future
project [146], the maximum projectile energy of the stored heavy ions will reach
800 Mev/u. At such high projectile energies the theoretically predicted cross over
effect of the REC polarization should occur, see figure 10.1. In its time reversal,
it corresponds to the cross over predicted and observed in photoionization [108,
109, 110, 111]. Up to now this effect was not observed for REC into highly

charged heavy ions, moreover the experimental accuracy is expected to be much
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higher than the one obtained in the photoionization studies.

10.2 The 2D stripe detector

The current experimental studies of the REC polarization were performed with
the Pixel Detector, which can be considered as a prototype for more elaborated
planar germanium detectors with finer segmentation. As it was discussed in chap-
ter 3.2.1, for general polarimetry purposes the optimum detector segmentation
should be of the order of 1 mm.

Recently a prototype germanium diode (70 mm x 41 mm, 11 mm thick) with
a boron implanted contact and an amorphous Ge contact was developed at IKP
FZ-Jilich (D. Protic, Th. Krings et al.), see figure 10.2. A 128 strip structure on
an area of 32 mm x 56 mm with a pitch of 250 pgm on the front contact (implanted)
and 48 strip structure with a pitch of 1167 um on the rear contact (amorphous
Ge) are realized with the help of plasma etching. The detector is mounted in a
cryostat which will enable any orientation of the detector with respect to a photon
source. Since August 2004 this 2D p-strip detector is available for experiments

at GSL.

Figure 10.2: The 2D pu-STRIP detector system developed at IKP FZ-Jiilich for future Lamb
Shift and photon polarization studies at the ESR storage ring.

The efficiency of this detector as a polarimeter is expected to be at least

10 times larger compared to the old Pixel Detector. Besides this, the angular
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resolution of the linear polarization will be significantly increased due to the much
finer segmentation. The angular resolution will play in particular important role
in the ion beam polarization studies. For this purpose the detector housing has
a symmetrical design, allowing its complete rotation along the central axis.

A polarization sensitivity calibration experiment on a synchrotron radiation
source for the old Pixel and the new 2D stripe detectors is scheduled for the
spring 2005 at the ESRF synchrotron facility in Grenoble.

A possible X-ray imaging application of this detector as a Compton Camera
is now under discussion. For this purpose a 3D readout of the X-ray events
is required. This can be accomplished via a signal pulse shape analysis, based
on a DSP readout system, which is currently under development in the Krakow
University, Poland.

Besides the polarimetry applications this detector will be used for the future
Lamb shift experiment in combination with the FOCAL spectrometer [26], pro-

viding a high position resolution required for the accurate spectroscopy.



Chapter 11
Summary

In this work a first study of the photon polarization for the process of radiative
recombination has been performed. This was done at the ESR storage ring at
GSI for uranium ions colliding with Ny at various collision energies. For this
measurement a high purity Ge Pizel Detector with a 4x4 segmentation matrix
was applied !. Figure 11.1 shows a principle scheme of the performed experiment.
The investigation was performed at the Gas-jet target of the ESR. The detector
was placed at 60° and 90° observation angles. The sensitivity of the Compton
scattering effect to the linear polarization of the X-Ray radiation was employed
for the polarization measurement.

Detailed investigations of the scattering and geometrical effects inside the de-
tector were performed in order to develop a method to interpret the experimental
data and extract the degree of the linear polarization in the hard X-Ray regime
with a high precision. A special emphasis was given to the geometry of the
detector and it’s influence on the measured pixel-to-pixel Compton scattering
intensities. In the figure 11.1 one can see a typical angular distribution for the
Compton scattering, normalized to the pixel solid angles and efficiencies. Besides
the geometrical factors, effects like relativistic Compton scattering off bound elec-
trons (Compton profile), Rayleigh scattering, uncertainty in the Depletion Depth
and multiple Compton scatterings were analyzed in details. This allowed for a
proper fitting of the experimental data and an extraction of the degree of the lin-

ear polarization with a high accuracy. The developed method enabled to achieve

Iprovided by D. Protic, FZ Jiilich
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Figure 11.1: Principle scheme of the first polarization study of the REC performed at the
GSI ESR storage ring with the Pixel Detector: analysis of the Compton scattering intensities
in different directions inside the detector. The polar plot shows the typical Compton scattering
intensity angular distribution inside the Pixel Detector - the way to extract the degree of the

linear polarization.

a precision of the order of 10% with the Pixel Detector which is dominated by
the statistical uncertainties.

The obtained results show a good agreement with the theoretical values derived
from the exact relativistic calculations. For the case of the linear polarization
of the K-REC photons, the measured data confirm the theoretical prediction
that strong depolarization effects occur for high projectile charges in the forward
hemisphere. The latter is in disagreement with the nonrelativistic theory which

predicts a 100 % polarization regardless of the emission angle.



Chapter 12
Zusammenfassung

Experimente zum radiativen Elektroneneinfang (REC, Radiative Electron Cap-
ture), der Zeitumkehrung der Photoionisation, wie er in St68en hochgeladener,
relativistischer Schwerionen mit leichten Gasatomen auftritt, ermoglicht einen
einzigartigen Zugang zum Studium der Photonen-Materie-Wechselwirkung im
Bereich extrem starker Coulombfeldern. So ist die REC-Strahlung im relativistis-
chen Bereich zum einen geprégt durch das Auftreten von héheren elektrischen und
magnetischen Multipolordnungen und zum anderen durch starke Retardierungsef-
fekte. In Folge dessen wurde der REC-Prozel in den vergangen Jahren sehr de-
tailliert untersucht, wobei sich die experimentelle und theoretische Forschung auf
die Emissionscharakteristik der REC-Photonen konzentrierte, wie z.B. auf Un-
tersuchungen von Winkelverteilungen und Linienprofilen. Mittlerweile kann der
REC-Prozef} als ein - selbst fiir die schwersten Ionen - wohlverstandener Effekt
angesehen werden. Allerdings entzog sich den Experimenten bislang eine zur
Beschreibung der Photonenmission wesentlich Grofle, namlich die Polarisation
der Strahlung.

Die lineare Polarisation der REC-Strahlung, wie sie in Stoflen zwischen le-
ichten Atomen und den schwersten, hochgeladenen Ionen vorhergesagt wird, war
der Gegenstand der vorliegende Arbeit, in der es erstmals gelang, die diese fiir den
konkreten Fall des Einfangs in die K-Schale von nackten Uranionen nachzuweisen
und im Detail zu untersuchen. Die hierzu notwendigen experimentellen Unter-
suchungen erfolgten am Speicherring ESR der GSI-Darmstadt fiir das Stoflsytem
U2+ —N, und fiir Projektilenergien, die im Bereich zwischen 98 und 400 MeV /u
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lagen. Besonders hervorzuheben ist der Einsatz eines segmentierten Germani-
umdetektors, der speziell fiir den Nachweis linear polarisierter Strahlung im En-
ergiebereich oberhalb 100 keV entwickelte wurde. Die lineare Polarisation der
Strahlung wurde hierbei durch eine Analyse der Comptonstreuung innerhalb des
Detektors gewonnen. Die durch eine prézise Analyse der Comptonstreuverteilun-
gen gewonnenen Daten zeigen eine ausgepréagte lineare Polarisierung der REC-
Strahlung in der Streuebene, die zudem eine starke Abhéngigkeit als Funktion der
StoBenergie und des Beobachtungwinkels aufweist. Der detaillierte Vergleich mit
nicht-relativistischen und relativistischen Vorhersagen ermoglichte dariiberhinaus
den Nachweis fiir das Auftreten starker relativistischer Effekte, die sich allerdings

depolarisierend auswirken.

Das Experiment wurde am internen Target des ESR-Speicherrings
durchgefithrt, wobei der Photonennachweis mittels mehrerer Ge(i)-Detektoren
erfolgte, die die lonen-Target-Wechselwirkungszone unter Beobachtungswinkeln
zwischen nahe Null und 150 Grad einsahen. Alle Photonendetektoren wurden in
Koinizidenz mit einem Teilchendetektor betrieben, um so die volle Charakteris-
tik des REC-Prozesses zu erfassen, also den Einfang eines Targetelektrons in die
nackten Uranionen (U?2") unter Emission eines Photons. Fiir den Polarisation-
snachweis entscheidend war der Einsatz eines Germanium-Pixel-Detektors, der
abwechselnd unter den Winkeln von 60 und 90 Grad betrieben wurde. Dieser
Detektor verfiigt iiber eine 4x4 Pixelmatrix (Pixelgrofe:7x7 mm), wobei die elek-
tronische Information jedes Pixels (Energiesignale und schnelle Zeitsignale) sepa-
rat registriert und aufgezeichnet wurde. Hierdurch war es moglich Ereignisse, die
koinzident in zwei Pixeln erfolgten, zu detektieren und zu analysieren. Dies ist die
eigentliche Voraussetzung fiir den Nachweis der linearen Polarisation bei hohen
Photonenenergien, bei dem die Abhéngigkeit des differenziellen Wirkungsquer-
schnitts fiir Comptonstreuung von der linearen Polarisation der einfallenden Pho-
tonen ausgenutzt wird (siehe Klein-Nishina Formel Eq. 2.7). Der Nachweis der
Comptonstreuung erfolgt hierbei durch die Detektion des Compton-Riickstoflelek-
trons (AFE) und des gestreuten Comptonphotons (hw’), die jeweils separat, aber
koinzident in zwei unterschiedlichen Segmenten des Detektors nachgewiesen wer-
den. Hier sei betont, dass fiir Germanium bereits ab Photonenenergien von ca.
160 keV die Absorption der Strahlung durch den Compton-Effekt iiber die Pho-
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toabsorption dominiert und somit das Ausnutzen des Compton-Effekts prinzip-
iell eine sehr effektive Technik ist. Der Auswertung der Daten kam wesentlich
zugute, dass der Germanium-Detektor iiber eine im Vergleich zu Szintillations-
oder Gaszihlern gute Energieauflosung von ca. 1.8 keV bei 122 keV verfiigt.
Somit kann durch Bilden der Summenenergie hw = hw’ + AFE fiir koinzidente
Ereignisse die Energie des einfallenden Photons (Aw) rekonstruieren werden und
als zwingende Bedingung dafiir herangezogen werden, dass es sich bei dem Ereig-

nis im Detektor um ein Compton-Event gehandelt hat.

Fiir den Fall linearer Polarisation ist eine wesentliche Aussage der Klein-
Nishina-Formel, dass die maximale Intensitat fiir die Compton gestreuten Photo-
nen senkrecht zur Polarisationsebene zu erwarten ist. Tatséchlich zeigen bereits
die wahrend des Experiments aufgenommenen Rohdaten fiir den Fall der un-
tersuchten REC-Strahlung, die durch den Einfang in die K-Schale des Projek-
tils entsteht, dass es sich hierbei um eine stark polarisierte Strahlung handelt,
wobei eine erhdhte Intensitét fiir Comptonstreuung senkrecht zur Stoflebene (fiir
den REC-Prozefl definiert durch die Ionenstrahlachse und den Impuls des REC-
Photons) festgestellt wurde (vgl. Fig. 7.3).

Zur genauen qualitative Analyse der MeBldaten wurden alle moglichen Pix-
elkombination der (4x4) Detektorgeometrie ausgewertet, wobei jedoch koinzi-
dente Ereignisse benachbarter Segmente ausgeschlossen wurden, um den hier
vorhanden EinfluB elektronischer Ubersprecher zu eliminieren. Zudem erfol-
gte die Analyse der Daten unter Beriicksichtigung verschiedenster Effekte, die
einen EinfluB auf die Nachweiseffizienzen fiir die Compton gestreuten Photo-
nen haben konnten. An prominenter Stelle ist hier die Korrektur zu nennen,
die durch die Detektordicke von 1,5 cm und der PixelgroBe von 7x7 cm? her-
vorgerufen wird. Zu betonen ist hier, dass fiir die Auswertung nur relative
Effizienzen eine Rolle spielen und so der Einflufl systematischer Fehler, her-
vorgerufen durch Effizienzkorrekturen, stark reduziert werden konnte (fiir eine
so gewonnene, vollstandige Compton-Streuverteilung sei auf Abbildung 9.1 ver-
wiesen, in der die Intensitdtsverteilung fiir Compton-Streuung dargestellt ist).
Es sei auch hervorgehoben, dass der Nachweis der Polarisation durch Messungen
von vollstandigen Compton-Intensitatverteilung im Detektor erfolgte, was das

hier diskutierte Experiment wesentlich von konventionellen Polarisationsexperi-
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menten fiir harte Rontgen und ~-Strahlung unterscheidet. Ublichweise wird in
diesen Experimenten die Comptonstreuung ausschliefllich in der Reaktionsebene
und senkrecht dazu nachgewiesen wird. Generell weisen die in der vorliegen-
den Arbeit gewonnen Compton-Streuverteilungen fiir den K-REC-Prozef ein aus-
gepragtes Maxium senkrecht zur Reaktionsebene auf und bestatigen somit den
bereits aus den Rohdaten abgeleiteten Befund, dass die Polarisationsebene der K-
REC Strahlung in der Reaktionsebene des Stosses liegt. In der Tat kann dieser Be-
fund fiir alle Energien und Beobachtungswinkel bestatigt werden, die in dem hier
diskutierten Experiment verwendet wurden. Hier sei zudem darauf hingewiesen,
dass es durch die Erfassung der vollstandigen Compton-Streuverteilung moglich
war, die Orientierung der Polarisationsebene in Bezug auf die Stolebene mit mit
hoher Prézission zu erfassen. So konnte z.B. bei der Stossenergie von 400 MeV /u
und dem Winkel von 90 Grad, die Orientierung der Comptonstreuverteilung in
Bezug auf die Stoflebene zu ¢=90+3 Grad bestimmt werden. Dieser Befund
konnte fiir die Planung zukiinftiger Experimente zum Nachweis polarisierter lo-
nenstrahlen entscheidend sein, da eine Abweichung von der ¢ = 90 Grad Sym-
metrie nur durch das Vorhandensein polarisierter Teilchen erklart werden kann.
Dieser Effekt, der in neuesten theoretischen Behandlungen im Detail untersucht
wurde, stellt gleichsam einen neuen Zugang zur Bestimmung des Polarisations-
grads der Projektile dar. Hierdurch wird die Starke der hier angewandten Tech-
nik verdeutlicht, die auf dem Einsatz eines ortsempfindlichen Geramnium-Pixel-
Detektors beruht.

Die Bestimmung des genauen Polarisationsgrades fiir die K-REC-Strahlung er-
folgte durch eine y2-Anpassung der Klein-Nishina-Formel an die experimentellen
Daten. Die hieraus resultierenden Daten zeigen fiir alle Strahlenergien und
Beobachtungsgwinkel eine starke Polarisation von etwa 80%, wobei die exper-
imentelle Unsicherheit im 10% Bereich liegt. Letztere ist im wesentlichen auf
die statistische Genauigkeit zuriickzufithren. Die Daten wurden zudem einge-
hend mit theoretischen Vorhersagen verglichen. Die Theorie stiitzt sich auf eine
vollstandige relativistische Beschreibung des REC-Prozesses unter Verwendung
exakter Wellenfunktionen fiir das Kontinuum und den 1s Zustand in wasserstof-
fartigem Uran. Typischer weise mufiten bei den Rechnungen sowohl elektrische

wie auch magnetische Multipolterme bis hin zu L=20 verwendet werden, um
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Konvergenz zu erreichen. Der Vergleich zeigt eine hervorragende Ubereinstim-
mung zwischen Experiment und Theorie. Zudem verdeutlicht der Vergleich mit
der ebenfalls diskutierten Vorhersage der nicht-relativistischen Dipolndherung die
Bedeutung relativistischer Effekte (vor allem das Auftreten hoherer elektrischer
und magnetischer Multipole), die fiir die Emission der REC-Strahlung bei ho-
hen, relativistischen Energien und hohem 7 charakteristisch sind. Offensichtlich
wirken sich diese Effekte stark depolarisierend aus. Dass in der Tat eine Zunahme
der depolarisierenden Effekte mit einer Zunahme der Strahlenergie verbunden ist,
wird auch durch die Daten dokumentiert, die fiir den Beobachtungswinkel von
60 Grad als Funktion des Projektilenergie untersucht wurden.

Die in der vorliegenden Arbeit gewonnenen Resultate fiir die Polarisation der
REC-Strahlung ebenso wie die neuartige Experimenttechnik, die hierbei zum
Einsatz kam, lassen fiir die nahe Zukunft eine Serie von weiteren Polarisations-
Experimenten erwarten. Hierbei konnte der REC-Strahlung und deren Polar-
isation als Mittel zur Diagnostik und zum Nachweis des Polarisationsgrades
gespeicherter Tonenstrahlen eine Schliisselrolle zukommen. Als Detektorsysteme
werden hierzu zwei-dimensionale Germanium- und Silizium-Streifen-Detektoren
zum Einsatz kommen bzw. Kombinationen aus zweidimensionalen Silizium-
und Germanium-Detektoren, sogenannte Compton-Teleskope. Diese Compton-
Polarimeter, die gegenwartig fiir neue Experimentvorhaben am ESR-Speicherring
entwickelt werden, verfiigen tiber eine wesentlich verbesserte Ortsauflosung (z.B.
1x1 mm?) und somit iiber eine wesentlich gesteigerte Nachweiseffizienz fiir die
Comptonstreuung (ein bis zwei GroBenordnungen). Hierdurch sollte es moglich
sein, den flir Polarisationexerperimente zuganglichen Energiebereich wesentlich
auszudehnen, sodass selbst die charakteristische Strahlung der Schwerionen (ca.

50 bis 100 keV) fiir solche Experimente zugénglich wird.
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