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Abstract

Two-photon processes are atomic processes in which an atom interacts simultaneously with
two photons. Such processes describe a wide range of phenomena, such as two-photon decay
and elastic or inelastic scattering of photons. In recent years two-photon processes involving
highly charged heavy ions have become an active area of research. Such studies do not
only consider the total transition or scattering rates but also their angular and polarization
dependence. To support such examinations in this thesis I present a theoretical framework
to describe these properties in all two-photon processes with bound initial and final states
and involving heavy H-like or He-like ions. I demonstrate how this framework can be used
in some detailed studies of different two-photon processes. Specifically a detailed analysis
of two-photon decay of H-like and He-like ions in strong external electromagnetic fields
shows the importance of considering the effect of such fields for the physics of such systems.
Furthermore I studied the elastic Rayleigh as well as inelastic Raman scattering by heavy
H-like ions. I found a number of previously unobserved phenomena in the angular and
polarization dependence of the scattering cross-sections that do not only allow to study
interesting details of the electronic structure of the ion but might also be useful for the
measurement of weak physical effects in such systems.

Zusammenfassung

Zweiphotonprozesse sind atomare Prozesse, in denen ein Atom gleichzeitig mit zwei Pho-
tonen wechselwirkt. Solche Prozesse beschreiben eine Vielzahl an Phidnomenen, wie z.B.
den Zweiphotonenzerfall und elastische oder inelastische Photonenstreuung. In den letzten
Jahren sind Zweiphotonprozesse in hochgeladenen Ionen ein aktives Forschungsgebiet gewor-
den. Neue Studien beschiftigen sich nicht nur mit den Absolutwerten der Ubergangsraten
oder Wirkungsquerschnitten, sondern auch mit ihrer Winkel- und Polarisationsabgéngigkeit.
Um derartige Studien zu unterstiitzen, stelle ich in dieser Dissertation ein Verfahren vor,
mit dem solche Eigenschaften fiir alle Zweiphotonenprozesse mit gebundenen Anfangs-
und Endzustdnden in schweren wasserstoff- und heliuméhnlichen Ionen berechnet werden
konnen. Es wird dargestellt, wie dieses Verfahren fiir detaillierte Studien verschiedener
Zweiphotonenprozesse angewandt werden kann. Insbesondere wurde eine Analyse von dem
Zweiphotonzerfall angeregter Ionen in starken elektrischen Feldern durchgefiihrt, bei der
sich die Bedeutung solcher Felder in diesen Systemen zeigte. Neben diesen Zweiphotonen-
studien untersuchte elastischer Rayleigh und inelastischer Raman Streuung an schweren
wasserstoffahnlichen Ionen. Dabei wurden eine Reihe neuer Phdnomene beobachtet, die
einen tiefen Einblick in die elektronische Struktur von schweren Ionen ermdéglichen und
eventuell Anwendung in der Messung schwacher physikalischer Effekte finden kénnten.
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Introduction

Since the beginning of quantum physics the study of atoms and ions has been of central
importance for this field. Analyzing radiative transitions or the scattering of light and
electrons by atoms and ions has given vital impulses for the development of non-relativistic
and relativistic quantum mechanics and even, through the Lamb shift, for the development
of quantum field theory. While in the early- and mid-20th century these efforts were mostly
focused on light neutral ions, in the last decades new experimental techniques such as EBITs
and heavy ion storage rings, e.g. at the GSI in Darmstadt, made it possible to perform
experiments with highly charged heavy ions. In such systems a number of relativistic, higher
multipole, quantum electrodynamic and even parity non-conservation effects are enhanced
and can be studied in detail e.g. [1, 2, 3].

One of the areas of heavy ion research of particular interest are radiative processes involving
two photons, the so-called two-photon processes. These two-photon processes consist of
very diverse phenomena, like the internal transition of an ion by simultaneous absorption or
emission of two-photons and elastic and inelastic photon scattering. All of these processes
have in common that they can be theoretically described by means of second-order perturba-
tion theory. In this thesis I consider such processes in which the electrons of the ions are in a
bound states both before and after the interaction with the photons. A schematic description
of most of these processes is shown in Fig. 1.1. In the figure we have on the one hand
two-photon transitions (top row), on the other hand photon scattering processes (bottom
row). For such bound two-photon processes in hydrogen-like (H-like) and helium-like
(He-like) ions a common fully relativistic theoretical model was developed. This model
allows a precise description not only of total cross-sections and transition rates, but also an
analysis of their dependence on the angles and polarizations of the participating photons.
The fully relativistic approach makes it possible to perform advanced studies on different
two-photon processes in highly charged ions with a special emphasis on relativistic and
higher multipole effects. I used this method to examine a number of specific phenomena in
different two-photon processes in detail.

In order to develop the physics concepts for such an approach, the basic ideas of a relativistic
description of H-like ions by means of the Dirac equation are introduced in chapter 2. Using a
so-called independent particle model (IPM) these results can also be utilized to characterize
heavy He-like ions.

Next in chapter 3, the interaction of the bound electrons with external electromagnetic fields
is discussed using a perturbative approach. With this approach the absorption and emission of
photons by bound electrons are described by means of time-dependent perturbation theory.
The two-photon processes arise as second-order effects. The properties of two-photon
processes, transition rates (for two-photon decay) and cross-sections (for photon scattering
and enhanced two-photon decay) can be traced back second-order transition or scattering
amplitudes. Additionally, in chapter 3 the effects of static electric fields on the states of the
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Fig. 1.1: Schematic description of different two-photon processes with a bound initial
state |i) and a final state |f) via a so-called virtual intermediate state |v) .
The Graph shows two-photon absorption (a), two-photon emission (b), so-called
enhanced two-photon emission in which one of the photons is emitted in an
induced transition process (c), elastic Rayleigh scattering (d), and Stokes (e) as
well as anti-Stokes (f) Raman scattering.

ion are briefly examined using the non-degenerate time-independent perturbation theory.
To be able to analyze different two-photon processes in detail, a framework for the evaluation
of the non-trivial two-photon transition or scattering amplitude is presented in chapter 4.
For this thesis a well-known approach [4, 5, 6] is used in which the angular dependent parts
of the amplitude are separated from the radial integrations by means of the Wigner-Eckart
theorem. With this method it is possible to trace the complex radial integrations that appear
in the evaluation of the transition or scattering amplitudes of all two-photon processes
back to the so-called reduced matrix elements of the two-photon absorption process. In the
second part of chapter 4, I present in detail an analytic approach to evaluate such reduced
matrix elements based on the Sturmian representation of the Dirac-Coulomb Greens function.
Furthermore, the limitations of such a procedure and some methods to overcome these
limitations are briefly discussed.

In the following two chapters I show how the theoretical methods developed in chapter
3 and 4 can be applied in the description of various two-photon processes by discussing
the original research on specific phenomena in different two-photon processes I worked
on during my PhD studies. First, in chapter 5, the influence of external electric fields on
two-photon transitions (Graph a,b,c in Fig. 1.1) is examined. In the absence of such fields
these transitions, in which two-photons are simultaneously emitted or absorbed, have been
actively studied for many years both in theory [4, 7, 8, 9] as well as in experiment, e.g.
[10]. In recent years two-photon decay in highly charged heavy ion ions has sparked a lot
of interest as a tool to study, relativistic, higher multipole, or even parity non-conservation
effects [3, 4, 9, 10, 11]. For such measurements a high level of control over the two-photon
process would be of great benefit. One method to influence two-photon transitions is the
use of external electric fields. For the measurement of parity non-conservation effects, it was
e.g. proposed [3, 11] to utilize strong polarized lasers in the optical regime to measure the
weak coupling of electrons and the nucleus in He-like Uranium. Prior to my research it was
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not clear how the electric fields of such (low frequency) lasers would influence two-photon
processes. To examine this question, I present in the first part of chapter 5, as an extension
of the research I performed for my diploma thesis [12], a detailed analysis on the influence
of static external electric fields on the two-photon decay (Graph b in Fig. 1.1) of excited
H-like and He-like ions. Apart from exploring the side effects of such fields that determine
the feasibility of laser-based experimental schemes like in [3], this study allows to gain some
general information how two-photon processes are influenced by external perturbations of
the system.

Additional to such static fields, I briefly explore the effect of dynamic fields on the two-
photon decay. In such fields an exotic two-photon decay process appears, in which one of the
emitted photons is stimulated by the external field, c.p. Graph c in Fig. 1.1. This so-called
singly stimulated or enhanced two-photon decay has previously been studied only in (light)
neutral atoms e.g. [13, 14]. In the second half of the chapter I analyze the behavior of this
process and examine the possibility of measuring such an effect in heavier H-like ions.

On top of these examinations of two-photon decay processes in chapter 6 the elastic (Graph d
in Fig. 1.1) and inelastic scattering (Graph e,f in Fig. 1.1) of photons by H-like ions is studied.
In the first part of chapter 6 I present new results from a research project on polarization
effects in elastic scattering by H-like ions. Such so-called Rayleigh scattering processes
were studied extensively, but mostly for neutral targets [15, 16, 17, 18, 19, 20]. In these
studies the energy dependence of the total cross-section and the angular distribution of the
scattered photons was examined for a wide range of targets. Furthermore, the polarization
dependence of the cross-section for elastic scattering by neutral hydrogen [21] was also
analyzed. For the scattering of x-ray photons on highly charged ions, however, no satisfying
polarization sensitive study was performed. My collaborators and me closed this gap with
our analysis and examined the role of higher multipoles and relativistic effects on such elastic
scattering in detail. It is shown how a selection of specific scattering conditions can be used to
enhance the visibility of small physical effects by suppressing the leading order contributions.

In the second part of chapter 6 I consider inelastic scattering of photons by H-like ions
accompanied by an excitation of the target, c.p. Graph e in Fig. 1.1. Such so-called (Stokes)
Raman scattering has been extensively studied for a number of targets, such as solid-state
systems or molecules. In the context of atomic physics this inelastic process was mostly
examined on light neutral atoms and optical to mid-UV photons [14, 22, 23, 24, 25, 26].
Furthermore, in recent years experiments on heavy neutral atoms have been performed. In
the experiments x-rays with energies close to the ionization energy of one of the electrons of
the atom are used to measure so-called Resonant Raman scattering [27, 28]. However, the
scattering of lower energy x-rays by heavy few-electron ions so far has been only preliminarily
studied [29]. In my research I performed a more thorough examination by analyzing the
energy- and Z-dependence of total and angular-differential cross-sections of inelastic Raman
scattering by H-like ions, as well as the state of the ions after the inelastic scattering. Special
attention is payed to the role of relativistic and higher multipole effects that appear in
scattering by high-Z ions.
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In the last chapter, I recapitulate and shortly discuss the results of these studies on the
two-photon processes. A few additional ideas for further research on two-photon processes
are mentioned as well.

Unit system and notation Unless otherwise stated, all formulas in this thesis use the
so-called "relativistic" or "natural" unit system: ¢ = m., = h = 1, i.e. the speed of light, the
mass of the electron and the reduced Plank constant are set to 1.

In this unit system length is given in units of the reduced Compton wave length % = b
T MeC
The time unit is connected to this length unit by the speed of light and given in units of QAT:C.

The energy is given in units of the rest mass of the electron m,c?.

Finally it is important to know the unit of charge in this system. It is given by e/,/as
V4meghe, where e is the elementary charge, ¢, the electric field constant and ag = ’
%7 the well-known Sommerfeld fine structure constant. To avoid confusion of this fine
structure constant with the Dirac matrices a notation with the subscript S is introduced.

e
dmweghe ~

Furthermore, it is important to note that vectors are written as bold letters, e.g. a. The
related regular letters represent the length of vector, e.g. a = v/a - a, and the direction of
the vector is described by the set of angles, e.g. Q,.

Chapter 1 Introduction



2.1

Heavy few-electron ions in
relativistic Dirac theory

The description of atoms and ions is one of the most successful application of quantum
theory. While non-relativistic theories are sufficient as first step, especially for light ions
(c.p. [30]), a more detailed analysis reveals the importance of a fully relativistic description
[31]. In such a description a number of specific relativistic effects appear, e.g. there is a fine
structure in the spectrum of the bound energy levels. These effects become very prominent
in heavy atoms and especially in highly charged heavy ions and such systems, must thus be
described by means of a relativistic theory. In order to describe this kind of few-electron ions,
I here recapitulate relativistic quantum theory based on of the Dirac equation. Within this
theory I present analytic solutions for the bound states of H-like ions with an infinitely heavy
nucleus. Finally, these one-electron solutions are used to construct good approximations of
the states of He-like high-Z ions by means of an independent particle model.

The Dirac equation

In a relativistic quantum theory the equation of motion can only contain operators in
which derivations with respect to space and time appear in the same order. Apart from the
second order Klein-Gordon equation, which describes the propagation of particles without an
intrinsic angular momentum or spin, for spin-1/2 fermions there exists a relativistic theory
linear both in space- and time-derivations, the so-called Dirac equation [32]:

i0yp(r,t) = (moff + a(p — qA) +q®)) ¢(r, 1). 2.1

Here my is the mass of the fermion, ¢ its charge, and we have an electromagnetic field with
the scaler potential ® and the vector potential A. Furthermore, the relativistic momentum

1 0
operator is given by p = —iaV and the 4x4 dimensional Dirac matrices 5 = <0 1) and

0 o . . - . . .
a= 0 are introduced. In this definition o = (0,0, 0) is a vector of Pauli matrices
g

and the 1 are 2x2-unit matrices.
In the Dirac theory the states ¢ (r,¢) of the system are not one-dimensional objects but
four-dimensional sets of wavefunctions, the so-called spinors:

1(11‘,
2(
3\r,

(
4(1"»

(-
ERGG S

)

Y(r,t) = (2.2)

)
)
)
)

SR SRS S
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On top of a spacial probability distribution these spinors automatically contain information
on the intrinsic angular momentum or spin of spin-1/2 fermions, like electrons. It is common
to split the 4-dimensional spinor (2.2) into two two-dimensional two-component spinors,

e.g. F(r,t),G(r,t):
W(r,t) = (g E:’;;) . 2.3)

In most systems, e.g. systems with positive eigenenergies, the F' two-component spinor has
a larger absolute value than the G two-component spinor. For that reason F'(r,t) is often
called the large part and G(r,¢) the small part of the spinor. The relative size of G(r,t) is a
good measure of the role of relativistic effects for the system. In the non-relativistic limit it
usually vanishes.

The combination of operators on the right side of Eq. (2.1) are usually called the Hamilton
operator H of the system. Such Hamilton operators contain all important information to
describe a quantum-system.

If the Hamilton operator of a system is not explicitly time-dependent, determining the
solution of the Dirac equation (2.1) can be greatly simplified. For such a system the spinor is
split into a trivial time-dependent part and a time-independent part.

P(r,t) = Y(r) - e E 2.4

with E the energy eigenstate of the system. The time-independent part satisfies the so-called
time-independent Dirac equation

Ey(r) = HyY(r) = (mofB + a(p — gA) + q®) 1(r). (2.5)

This time-independent Dirac equation not only has solutions with positive energy eigenvalues,
but (interestingly) there exist also negative energy eigenstates. When the Dirac equation
was first derived, it was not clear what the meaning of these negative solution was and why
there should be any stable state that does not decay into lower-lying negative energy states.
Nowadays the common interpretation e.g. [32] uses Pauli’s exclusion principle and assumes
that in general all negative energy states are already occupied. Additional positive energy
states correspond to the usual states of e.g. the electrons. If an electromagnetic field is used
to excite one of the negative energy states into the positive continuum, the remaining hole
behaves like an antifermion, e.g. like a positron. In the relativistic calculations of this thesis
not only the solutions with positive, but also with negative energy will play an important
role.

H-like ions in Dirac theory

H-like ions consist of a single electron, with mass m. = 1, moving in the electric field of a
nucleus. This nucleus consist of one or multiple nucleons, which are about 2000 times as
heavy as an electron, and is thus much heavier than the electron. We can therefore assume
in a good approximation that the nucleus is infinitely heavy and that its position is identical
with the center of mass of the system. In such an infinitely heavy nucleus approximation an
analytic solution for H-like ions can be found within the relativistic Dirac theory. Further

Chapter 2 Heavy few-electron ions in relativistic Dirac theory



effects that arise from the finite mass of the nucleus, e.g. so-called isotope shifts and nuclear
recoil effects, can be considered as small perturbations (c.p. [33]) but play no further role in
this text.

In the approximation of an infinitely heavy nucleus H-like ions can be described by the
following time-independent Dirac equation:

ag

By(r) = (ﬂ top- Z) b(r). (2.6)

Here we introduced the central potential % of a point-like nucleus with the distance
from the origin r, an atomic number (or somewhat imprecise nuclear charge) Z, and the
Sommerfeld fine structure constant g that was mentioned in the introduction of the unit
system. This equation has been solved explicitly e.g. by Rose [31] and Drake [34]. Because of
the importance of the solution for the present work I will briefly recapitulate the calculation
and present some common interpretation of the solution.

It can be seen from (2.6) that the potential V (r) = —% of the nucleus and thus also the
Hamiltonian have a spherical symmetry. We can therefore choose a spherical coordinate
system. In such a system the solutions ¢ (r) can be split into angular and radial parts that
can be determined separately.

o= [ 90E(E)
V) (z‘f(r)xi%(fh)) @7

For convenience I here introduce the radial parts g(r) for the large part and f(r) for the
small part of the spinor and the angular two-component spinors x7*(£2,), with 2, a spherical
angle defined by the direction of r.

In order to separate the angular dependent parts from the radial parts of the Dirac equation
(2.6) the following operator is introduced, c.p. [31]:

K = B(oL +1), (2.8)

with L the common non-relativistic orbital angular momentum operator.
This operator allows us to split the momentum operator in Eq. (2.6) into different parts that
act on radial and an angular part of the spinor (2.7):

, ( 0  BK 1)
ap =1, | —— +——— ] .
or r T

As this momentum operator is the only part of the Hamiltonian in (2.6) that depends on
the angular parts of the spinor (2.7), these angular parts x7*(€2,.) are eigenstates of the K
operator with the eigenvalues x € {---,—2,—-1,1,2,3,---} and m the projections of the
total angular momentum of the system on the quantization axis. « is connected to the
orbital and total angular momentum of the states and will be discussed in a moment. To
explicitly construct the eigenstates of the K operator, we need on the one hand the spherical
harmonics ¥;,,, (£2), c.p. [35], which are eigenvectors of the non-relativistic orbital angular

2.9)

momentum operator L and depend on the orbital angular momentum / of the bound electron
and its projection m;. On the other hand we need eigenstates of the non-relativistic spin
projection operator S, = %7, c.p. [31]. With m, the eigenvalues for the projection of the

2.2 H-like ions in Dirac theory
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By coupling these two components by means of so-called Clebsch-Gordan coefficients [35,

. o . . . 1 _ 0
spin on the quantization axis these eigenstates are given by: §+1/ 2= 0 and & 12 <

36] we get the eigenstates of K:

X () = Z (Imy, 1/2ms | jm) YEmL(Qr)S;’}SZ: (2.10)

myp,msg

with j the total angular momentum of the state.
The eigenvalue « of the K operator is connected to the total angular momentum j and the
orbital angular momentum [ of a state by the following relations:

k| =j+1/2, (2.11)

-1 = 141/2
K= forj /2 (2.12)
l forj=1-1/2

It is interesting to compare the angular parts of the large and small part of the system. From
Eq. (2.7) we see that the x of the large and small angular parts have the same absolute
value but a different sign. Thus, while the total angular momentum of these parts is the
same, their orbital momenta differ. The projection m is the same for the large and the small
part of the spinor.

To evaluate the radial parts of the two-component spinors, we insert Eq. (2.7) into (2.6) and
get a set of differential equations for f(r) and g(r):

82&") _ KT—lf(r) _ <E+ @ - 1) g(r), (2.13)
aJ;E«T) - <E+ @ - 1) fr) = Hj Lo, 2.14)

The evaluation of the solution to this system of equation is lengthy [31] and does not lead to
any insights that are significant for this text. Therefore only the main results are presented
here. The solutions for both f(r) and g(r) consist of an exponential term and a power series
whose prefactors are defined by a recursion relation. In order to have bound solutions the
power series can have only a finite number of non-zero summands and the recursion relation
must lead to vanishing elements. This condition defines bound solutions with discrete
energies given by:

o\ —1/2
Enw=1+ Zos . (2.15)
' n— |kl + VK> — (Zag)?

With these discrete eigenvalues and the recursion relation the radial parts of the two-
component spinors can be determined and are given by:

=

o
Z

g(r) =Ne (gt x(B)s

=~
Il
= o

3
1

Fr) =Ne P ()= > e, (BR), (2.16)

b
Il
<]
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2.2.1

with the constants

21 (8r) (2 +n—[s[+1)
N —_2:Pn , 2.17)
P(2ye + 1)V Bi(n = (&) [Zas /B — £)? + (n = |K]) (27 + 1 — [])]
L(—n+ |k| + k)T(2y, + 1)2F
+ — (Rr\2)\1/2

o = VL= B s i @ 11 )
x [(k—n+|k]) £ (Zas/Br — K)]. (2.18)
Here we use the abbreviations 3 = Zas and v, = /k?— (Zag)? c.p.

V(n=Ik[+70)2 +(Zas)?
[31].

In these solutions specific states are determined by the quantum numbers n, x, m where n
depicts the principal quantum number. It is common to use the orbital and total angular
momentum instead of « and specify such states in the form nl; where instead of [ we use the
spectroscopic notation s : [ =0; p:l=1; d:1=2; ..., e.g. we have 1s; /5 or 2p3/, states.

In order to later determine what kind of transitions between these states are possible, it is
useful to discuss the behavior of the spinors under spacial inversion, the so-called parity
of the state. The parity of the H-like spinors originates from the spherical harmonics in Eq.
(2.10) and is determined by the orbital angular momentum of the (large part of the) state
and is, c.p. [31]:

P(|njlm)) = (=1)"1, (2.19)

i.e. for s,d, ... states it 1 and for p, f, ... states it is —1. I will later use the parity to determine
selection rules for specific multipole contributions to electromagnetic transitions between
bound states.

A closer look at relativistic hydrogen-like states

The relativistic solution (2.7) and (2.16) and (2.15) can not be easily understood. In order
to introduce the concepts needed for a meaningful discussion of the results of this thesis, I
therefore discuss their behavior in more detail.

As a first step I inspect the energy levels of the states from Eq. (2.15) in more detail. These
energy levels (2.15) consist of the rest mass of the electron and the binding energy of
the atom or ion. For the discussion the only interest lies in the (negative) binding energy
Epnio = B — 1.

As a first approximation I omit the x dependence of E,, ,.;, i.e. remove the square roots that
contain « in Eq. (2.15) and expand the resulting expressions for small values of Zag. We
get the well-known non-relativistic approximation of the binding energy c.p.[30]

(Za5)2

Eppr = —
" 2n?

(2.20)

On this level of approximation the energy of the states depends mainly on the principal
quantum number n and quite strongly on the nuclear charge Z of the ions. We have a ~ Z?
scaling of the binding energy of the ions, i.e. the non-relativistic ground state binding energy
goes from —13.6eV in neutral hydrogen to 115keV (relativistic 132keV) in U1+

2.2 H-like ions in Dirac theory
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H U91+

n=3 1 E=-0.111 E, E=-0.111 E, E=-0.111 E, E=-0.119 E, E=-0.100E, E=-0.098 E,
E=-0.25E, E=-0.25E, E=-0.224 E,
n=2 E=-0.259 E, ————
£
n=1 E=-1E, E=-1E,
j=1/2 j=3/2 j=5/2 j=1/2 j=3/2 j=5/2

Fig. 2.1: Binding energies of different states of H-like ions in units of the ground state
binding energy for neutral hydrogen (Ey = 13.61eV) and U°'* (Ey = 132.3keV).

On a more precise level the binding energy depends not only on the principal quantum
number n and the nuclear charge Z, but also on the total angular momentum j, which can
be found in the form of « in (2.15). To illustrate such higher order effects, I show in Fig.
2.1 the binding energies for neutral hydrogen and U°'* as a function of the ground state
binding energy. We see from Fig. 2.1 that, although the effect of j on the energy levels is
smaller than the effect of n, especially in high-Z ions, states with the same n but different
total angular momenta j have sizable different energy levels. This effect is known as the
fine-structure splitting of the energy levels. The fine structure splitting is a relativistic effect
and largest for states with small principal quantum number n.

In chapter 5 I will include even more precise values of the binding energy that go beyond the
relativistic theory described here. On this level the energies of H-like states are influenced
by the so-called Lamb shift, which is a quantum electrodynamic effect. More specifically,
it is mainly caused by the self energy of the electron and the polarization of the vacuum.
On top of a simple shift of all energy levels it causes differences between the energies of
states with the same n and j but different orbital angular momenta [ e.g. between the 2s; /,
and 2p; /, states. While this effect is very small in light ions, e.g. the energy difference
between the 25, /, and 2p, /, states in neutral Hydrogen is 4.37 - 10=%eV [37], it scales with
Z* and for U°'* can reach up to 75¢V [38]. As the evaluation of the Lamb shift [37] is
complex and beyond the scope of this text, I will here only use the above mentioned results.
It should be mentioned that in some sources some non-QED effects like nuclear recoil or for
multi-electron systems the electron-electron interaction are also included in the Lamb shift
[33].

Apart from the Lamb shift effects that arise from the finite lifetime of the states need to be
considered. Due to the uncertainty principle such finite lifetimes lead to finite line widths in
the spectrum of the ion. In our context such line widths are included as imaginary parts of
the binding energies of the states.

The bound states of an electron (2.7) are even less easy to understand than their energies.
It is therefore very useful to briefly discuss some properties of the states of the ion from
simpler non-relativistic models.

The simplest model of an hydrogen-like ion is the quasi classical Bohr model, in which
the states are described as classical orbits around the nucleus that correspond to standing

Chapter 2 Heavy few-electron ions in relativistic Dirac theory
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deBroglie waves (c.p. chapter 2.4 in [32]). In this model the states are on discrete orbits

with the radius:

n2

= Zas

For the ground state (n = 1) this radius corresponds to the most probable distance of the
electron, also for more sophisticated models, c.p. [30]. We see from the equation that this

(2.21)

T'n

ground state radius shrinks for larger Z and for U%'* is smaller than the size of the nucleus.

This small radius enhances interactions, e.g. the Z; mediated weak interaction between the
electron and the nucleus, and makes studying of such systems very interesting.
Bohr’s model also defines a quasi-classical velocity of the electron which is in the ground
state:

v =Zag. (2.22)

We see that for high nuclear charges this quasi-classical speed approaches the speed of light
(¢ = 1) and relativistic effects become important. In our Dirac states such an effect is visible
in the small part of the spinor (2.7). For relativistic speeds, i.e. in high-Z ions, the small part
reaches a similar size as the large part.

From this discussion we therefore expect that in highly charged heavy ions effects related to
both the strong field as well the relativistic "speeds" become important. Such effects play a
sizable role in my results.

Apart from the bound states I discussed here the Eq. (2.6) also has a continuum of solutions
with positive as well as negative energies. For the two-photon processes here discussed all of
these states need to be considered.

He-like ions in the independent particle model

The states of multi-electron ions, e.g. He-like ions, are defined as solutions of a two-particle
Dirac equation. For such systems a Hamiltonian needs to be constructed in which each
electron is described by a separate set of coordinates, e.g. for He-like ions the Dirac equation
is:

ZO[S ZO(S ag

Evpge(ry,rz) = (ﬁ + ap; + aps — - + ) YHe(r1,r2). (2.23)
1 2 \1‘1 - I‘2|

In highly charged heavy ions the |r1a—Sr2\ electron-electron interaction term in Eq. (2.23) is
small in comparison to the interaction potentials of the electrons with the nucleus. Therefore,
as a good approximation we can in such systems neglect this electron-electron interaction
term and greatly simplify the evaluation of the states v y.. In this so-called independent
particle model, c.p. [39, 40, 41, 42], the two particle equation (2.23) can be separated
into two identical one-particle equations that look like Eq. (2.6). The two-electron spinor

I(LI]\Q’P’J’M)(rl,rZ) can thus be expressed in terms of the solutions of Eq. (2.6), i.e. in
terms of the spinors 177 (1) for H-like ions from Eq. (2.7). As the two electrons of

the He-like ion are indistinguishable fermions, the resulting equation has to be properly

2.3 He-like ions in the independent particle model
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antisymmetrized. Within the independent particle model spinor for He-like states can be
written in the following way:

el ey rg) = 37 Guma, jama | M)
my1 mo
« (wl(;l,ll7j1,m1)(r1)¢g2,127j2,m2)(r2)
_,ll)ng7l17j17m1)(r2)¢$27l27j27m2)(r1)). (2.24)

Here the large N, P, .J, M are the main quantum number for the He-like state, which will be
more closely defined in a moment, the parity, the total angular momentum, and the magnetic
quantum number of the He-like state. Additionally we need the total spin of such systems S.
The 11 2,11 2, j1,2,m1,2, s = 1/2 are the quantum numbers of the constituent H-like states.
In this equation the angular momenta of the H-like states are coupled to the angular momenta
of the He-like state by means of Clebsch-Gordan coefficients. Such a coupling of angular
momenta is only non-zero if the participating angular momenta and their projections
fulfill the following triangle rules: |j; —j2| < J < |j1+J2f, i —l2] < L < |l +1s),
|s1 — 82| <8 < |s1+ s2] and M = my + ma.

It can be see from Eq. (2.24) that the parity of the He-like state can be defined as the product
of the parities of the constituent H-like states, i.e. with Eq. (2.19) we have P = (—1)h+iz,

In such a simple model the binding energies of the He-like states, defined as the binding
energies of the individual electrons, usually differ considerably from measured values. A sim-
ple way to improve the quality of the spinors is to reintroduce a part of the electron-electron
interaction as an average shielding of the nuclear charge Z. In a simple approximation
such shielding can be described by replacing the nuclear charge Z in the constituent H-like
spinors with an effective charge Z.;; The effective charge Z. is estimated by comparing
the binding energies evaluated by Eq. (2.15) with more complex calculations [33]. In a
number of atomic processes involving highly charged heavy ions this approach has proven
itself to be a useful method to obtain highly precise results, e.g. [41].

In the next chapters I will use the IPM wavefunctions (2.24) to evaluate transition properties
of He-like ions. One of the electrons will from now on be considered a so-called spectator
electron in the 1s,/, ground state, which only contributes to the process by means of the
coupling of the angular momenta (2.24). All other parts of the calculation will be performed
on the other "acting" electron. For He-like states in which one electron is in the ground state
there exists a special spectroscopic notation. In this situation the principal quantum number
of the active electron can be used as the "principal" quantum number N of the He-like state.
With such a quantum number the He-like state can be uniquely defined by their quantum
numbers N, P, J, M. I will characterize He-like states by these quantum numbers written
in the form N2/*!Lg. In analogy to the notation of H-like states, I define a spectroscopic
notation in which L is determined by both the total angular momentum J and the parity P
of the state, i.e. wehave L = Sfor J=0,1land P=1,L =P for J=0,1,2and P = —1,
L =D for J=2,3and P =1 (and so on). In this notation we have e.g. 1sy/525;/5 : 218,
and 1s1/22p; /2 : 22 Py or shorter 25, and 23 P; states in which the spectator electron is in
the 1s; /, state and the interacting electron is in the 2s, /5 or 2p, /, state.

Chapter 2 Heavy few-electron ions in relativistic Dirac theory
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3.1.1

lons and electromagnetic fields

Electromagnetism is the dominant force in atomic physics. It is not only responsible for
the binding of electrons to the nucleus, but also for the interaction of atoms and ions with
their environment. Of special importance is the interaction between photons and atoms or
ions, which is the origin of transitions between different states of the ions, especially the
two-photon processes studied in this thesis. These processes are facilitated by absorption
or emission of one or multiple photons. In the first part of this chapter I show how
such processes can be described in a perturbative way by means of an effective electron-
photon interaction operator that can be derived using a simplified approach to quantum
electrodynamics. Specific photon-ions interaction processes are then described using time-
dependent perturbation theory. In this approach the two-photon processes can be studied by
means of the second-order of the time-dependent perturbation series.

On top of the electromagnetic transitions caused by the interaction of the atoms or ions
with dynamic electromagnetic fields, static external electric fields can lead to changes to the
bound states of the system. To estimate the effects of such electric fields, in the second part
of this chapter I briefly analyze the influence of static electric fields on the states of the ions,
using the non-degenerate time-independent perturbation theory.

Time-dependent perturbation theory and photon-ion
interaction

The electron-photon interaction operator

Electromagnetic transitions are facilitated by emission or absorption of photons. Such
photons enter the relativistic theoretical description as a vector potential in Eq. (2.1).

To describe all electron-photon interactions including the spontaneous decay of excited
states, a photon-electron interaction operator is most clearly derived by means of a simplified
approach to quantum electrodynamic (QED) as shown in [32, 43]. This approach starts with
a quantization of the electromagnetic field in which we assume that all physics happens in a
finite but large volume V. The calculation is best performed in the well-known Coulomb
gauge of the electromagnetic field, i.e. the scalar potential vanishes and we have ® = 0.
Such a gauge fixing only introduces a unitary factor to the states I presented in chapter 2.
Observables are not influenced by this factor, thus the states can be used in conjunction with
the effective operator I will derive now, c.p. chapter 4.1 in [30].
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As a first step we consider a Fourier decomposition of the vector potential into plane waves:

A = Z Z |:U)\bk)\€i(kriwkt) + u,\b;r{)\eii(kriwkt) s (3.1
Ak

with u) the polarization vectors for circular polarized photons with helicity A = +1, k
the wave vectors of the photons, and wy their frequencies. The by, are for now just non-
commutative Fourier components of the vector potential.

Using this decomposition the well-known total energy Eg)s of the EM field can be written
as:

2

1 1
Epy = / d3r§(E2 +B%) =Y VE (biabl, + binbin) = > = (PR + widiy): (3.2
v KA KA

with qk\ = \/V(bk)\ —+ b;r()\) and Pk — 72‘\/Vwk(bk)\ — bb\)

In the last expression of Eq. (3.2) we can see a decomposition of the energy into so-called
eigenmodes of the electromagnetic field. The contribution of each eigenmode has the form of
an harmonic oscillator. In analogy to the harmonic oscillator, I quantize the electromagnetic
field by introducing commutation relations between py and gy :

[Prxs qra] = =10k kO - (3.3)

In the new quantized context the by, and bL , can be considered annihilation and creation
operators of a specific mode. They satisfy the following commutation relation:

1
[bkx,bb/} = ootk O (3.4)

The creation and annihilation operators allows us to define the excitation or photon number
operators:
faex = bl i (3.5)

The eigenvalues of these operators specify the excitation ny) of, or the number of photons
in, the mode with k, A.

For example, the photon number ny) for plane monochromatic circular polarized electro-
magnetic waves (with \ the helicity of the photons) can be expressed in terms of the angular
frequency w = |k| and intensity I = Egy;/V - ¢, with ¢ = 1 the speed of light:

v
==

n

(3.6)

With the help of the eigenvalues of the number operators (3.5) the energy of the electromag-
netic field in a given state is:

1
Epm = Zwk (nk,\ + 2) . 3.7
KA

We now use the definition of the energy of the electromagnetic(EM) field (3.7) in terms of
the photon numbers ny to derive an effective model for the interaction of a single electron
with photons. For this model we need the the numerical size of the contribution of each
creation or annihilation operator to the vector potential A. I introduce here the well-known
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bra-ket notation to describe a transition between abstract states. The absolute value of a
transition matrix element between a state of the electromagnetic field with ny + 1 photons
in the k, A mode and (nk,| (with only ny), photons) by means of the operator by and a
similar element for bLA is:

ngx +1
|(naex [biex | naex + 1) = ‘<nk)\ +1 ’bl]:,\’ nk)\>‘ =4/ 2oV (3.8)

With the constants (3.8) it is now possible to construct an effective interaction Hamiltonian
for the emission or absorption of a photon. For example, if we assume that initially the
electromagnetic field is defined by the photon numbers ny, we can insert the vector potential
(3.1) with these constants in (2.1) and get:

Hy,, =/asaA
Tk i(kr—w Nk + 1 * —i(kr—w
:XA:/d?’k\/aS (1 /mau,\bk,\e (kr—wut) | @/Wau/\blt/\e (k “t)) .

(3.9

For convenience, we here consider the limit of a huge but finite volume V' and replace the
sum Y, with an integral [ d®k. Furthermore, we reintroduce the Dirac matrices o from
chapter 2 and the Sommerfeld fine structure constant «g from chapter 1.

The interaction Hamiltonian (3.9) models the absorption (first term) of photons from the
EM-field and the (spontaneous and induced) emission (second term) of photons to the
EM-field on the level of regular relativistic quantum physics. In the second term the emission
is spontaneous if there are initially no photons, i.e. ny » = 01in (3.9). If we have ny » > 0 for
a k, ), the emission in the mode k, A is enhanced and there is additionally so-called induced
emission.

The operator (3.9) does not specify which helicity A the absorbed or emitted photons
have. For absorption or induced emission specific polarizations can be selected by defining
appropriate initial photon numbers ny ). However, if we are interested in the polarization
properties of a spontaneously emitted photon, we have to consider single summands of
in Eq. (3.9).

For practical use in the upcoming calculations it is convenient to split the interaction
Hamiltonian (3.9) into on the one hand the constant prefactors and the time-dependent
parts and on the other hand the so-called photon absorption operator:

Ry (k) = auye™, (3.10)
as well as the similar so-called photon emission operator:

Ry (k) = auje . (3.11)

3.1 Time-dependent perturbation theory and photon-ion interaction
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Multipole expansion of the photon absorption operator

In their current representation the photon absorption (3.10) and emission (3.11) operators
are impractical for calculations of atomic processes. They contain an exponential term which
makes evaluations of useful properties very hard. A more convenient representation can be
obtained by performing a multipole expansion of these interaction operators.

A common expansion, c.p. [42], for circular polarized photons with helicity A = £1 can
be obtained by first assuming that the photon propagates along the quantization axis and
expanding the exponential term in terms of spherical harmonics, c.p. [35]. Subsequently the
propagation direction of the photon can be generalized to any propagation direction 2 of
the photon by means of so-called Wigner rotation matrices D¥;, (). In this approach the
absorption operator can be written in the form:

Ri(k) =21 Y V2L + 1it(i\yaaly, D, (), (3.12)

p, L, M

where L is the multipole order and p distinguishes so-called "electric" (p=1) transition,
which foremost lead to changes of the shape of the atomic orbital, from so-called "magnetic"
(p=0) transitions that are connected to changes of the angular momentum of the ion, most
importantly to changes in the direction of the spin. The multipole component a(Lp ]af has been
derived e.g. in [44] and is:

all =3 alkr) Y ()R, (3.13)
A

where jr, (kr) is the spherical Bessel function. The Y7 () = 3=, \ (Lm, I | JM) Y (2 )ux
are the so-called vector spherical harmonics [45] with Y75, (Qr) the regular spherical har-
monics and we have the parameter:

L+1 L
Epzi = 0p,00L,A + Op,1 <5L1,A\/ ST 5L+1,A\/;> : (3.14)

We see from Eq. (3.12) that the multipole expansion of the absorption operator is a sum
of the multipole components a(Lp 1)VI with some prefactors. These components are commonly
called magnetic multipole components for p = 0 and electric multipole components for p = 1.
Furthermore, the different multipole orders L are called "dipole" for L = 1, "quadrupole" for
L = 2, and so on. Thus we have e.g. electric dipole or magnetic quadrupole contributions.
Quite often these contributions are abbreviated by writing F for electric and M for magnetic

transitions followed by the multipole order, e.g. E1,M1,E2,... .

If we consider transitions between two states of an ion, especially between bound states as
in this thesis, the contributions from the lower order multipole components to a transition
amplitude of any kind are usually bigger than the higher order contributions. It is possible to
estimate the relative size of these contributions by comparing the size of different multipole
components of the interaction operator at typical photon energies and typical atomic length
scales. For transitions between bound states typical photon energies are in the order of
magnitude of the binding energy of the electron (2.20), i.e. ks ~ E, ~ (Zayg)?. The electron
on the other hand is here in the ground state or a low excited state, thus a typical length
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scale is given by the quasi-classical electron radius (2.21), i.e. rs ~ Z%as we discussed in

chapter 2.

When we later consider transitions between bound states of an atom or ion, the size
of contributions from different multipoles of the interaction operator (3.12) is mostly
determined by the multipole component a(Lp J)w- These multipole components are up to some
prefactors defined by the spherical Bessel functions ju (ksrs) with A = L for magnetic
transitions and A = L + 1 for electric transitions, c.p. Eq. (3.13). At the typical length
scales and the energies I introduced, especially for small Z, the argument of the spherical
Bessel function k; - rs is small. For such small arguments spherical Bessel functions can be
approximated by a polynomial, i.e. we have j,(z) ~ z" for z — 0 c.p. [46]. Additional to
this Z-dependence from the Bessel function, the Dirac matrix in the absorption or emission
operator (3.10) contributes another factor Zag, as it has a similar structure as an relativistic
velocity operator (c.p. e.g. Chapter 12 in [32]) and the quasi-classical electron speed in
the ground state (2.22) has such a Zag scaling. In leading order the electric multipole
contributions thus scale like (Zag)Y and the magnetic multipole contributions scale like
(Zag)t*t1, i.e. in comparison to electric dipole transition amplitudes, magnetic dipole

transition amplitudes and electric quadrupole transition amplitudes are suppressed by Zag.

The higher multipole contributions are therefore suppressed in light atoms or ions and
mostly become important for atomic physics processes in highly charged heavy ions. In an
analog way we can see that for high photon energies, which can be found e.g. in scattering
experiments, the higher multipole contributions also play an important role. On top of such
processes involving high energy photons the next order contributions become very important
if the lowest order transitions are forbidden by so-called selection rules.

Such selection rules originate partially from parity considerations. It is therefore useful

to take a look at the parity of the multipole components and their role in the transition.

From the definitions of the multipole components (3.13) and vector spherical harmonics as
well as the well-known parity of the spherical harmonics [35] we see that the parity of the
components is:

P(af) = (=1)F 7, (3.15)

e.g. the E1 component has parity —1 and the M1 component has parity +1.

In transitions between atomic states by means of electromagnetic radiation the parity must
be conserved [30, 32, 43]. Thus the parity of the final states must be equal to the product

of the parity of the initial state of the transition and the parity of the multipole component.

Multipole components with parity —1 can thus only contribute to transitions between states
of opposite parities and +1 party components only to transitions between states of the same
parity.

By using the parities of the states (2.19) from chapter 2 we can thus decide which specific
multipole contributions p, L play a role in a single photon transition between an initial state
with an orbital angular momentum [, and a final state with an angular momentum /. We
have a non-zero contribution if the following condition is met:

(=1)le—lotLtptl — (3.16)

3.1 Time-dependent perturbation theory and photon-ion interaction
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A similar selection rule also exists for transitions involving ions with more than one elec-
tron.

Linear polarized photons and two-electron ions

Up till now we only considered the emission or absorption of circular polarized light by
single electron systems. With little effort the interaction operators can be generalized to
describe the emission or absorption of linear polarized light and transitions in multi-electron
systems.

First to include linear polarized photons, we take a detailed look at interaction Hamiltonian
(3.9) . In this operator there is a sum over the helicities of the photons A = +1. AsI
mentioned before, specific helicities can be selected (for absorption and stimulated emission)
by specifying initial photon occupation numbers ny ). For spontaneously emitted photons
such a polarization can be selected by only considering one of the summands of the helicity
sum of the emission part of Eq. (3.9). To generalize this method to be able to describe linear
polarized photons, their linear polarization vector ¢; is expanded in terms of the circular
polarization vectors uy.

€ = Zeg\u)\7 (3.17)
A

A
If €; describes linear polarized light tilted by some angle §; with respect to a fixed plane (e.g.
in photon scattering it could be the scattering plane) the parameters are given by, c.p. [35]:

where the polarization expansion parameters €; are introduced.

)
)= ﬁezm- (3.18)

€

These polarization expansion parameters allow to describe the interaction of an ion with
linear polarized light in a similar way as we described the interaction with circular polarized
light. For example, we can define a photon number for the absorption (and stimulated
emission) of linear polarized light with the polarization vector e;:

Nke; = ZG?TLk)\. (3.19)
A

Similarly we can introduce such parameters to allow to describe spontaneous emission of €;
polarized photons.
Both these cases can be used to define an interaction Hamiltonian for polarized light:

Hpyh(€:) :Z/dgk\/@<\/g€?au)\bk,\€i(krwkt)
A

,TLk)\+1 A 17 —i(kr—w
+ WEZ' auxbkAe ( kt)). (3.20)

This Hamiltonian has a very similar structure as the original interaction Hamiltonian (for
circular polarized light) (3.9). Like in Eq. (3.9) we can therefore separate Eq. (3.20) into so-
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called photon emission and absorption operators with which all important calculations can be
performed and some prefactors. In such a separation the polarization expansion coefficients
show up as separate linear coefficients. It is possible to ignore these coefficients and as a
first step perform the calculations of transition matrix elements for absorption or emission
of circular polarized photons Eq. (3.9). Afterwards the polarization expansion coefficients
can be reintroduced in the last step to evaluate the transition or scattering amplitudes for
linear polarized photons from transition amplitudes for circular polarized photons. In such a
procedure the polarization of absorbed photons is included by the parameters ¢ while for
the emission is included by means of the complex conjugated parameters ¢, *. We will use
this approach in chapter 6 to describe the scattering of linear polarized photons.

To describe the emission or absorption of photons by two-electron ions we have to include
the interaction of the electromagnetic field with both electrons. Each of these electrons
has a separate set of spacial coordinates r; and independent spinor components. Since the
electrons are indistinguishable, the interaction operator is simply the sum of single electron
interaction operators for these coordinates:

2
He __ 3 LN i(krg —wit)
th = E E /d k\/as(,liz(HkVaau)\bk)\e k

a=1 X
nx +1

* —i(krg —wit
2V aau)\bbe i kf)). (3.21)

Here the o, are Dirac matrices that operate on the spinor components of the electron a.

In analogy to the one-electron case we can also define emission and absorption operators for
two-electron ions. Such operators are given by:

2
RY(k) =) aguye’™™, (3.22)
a=1
and .
RYT(k) = aquie e, (3.23)
a=1

As these operators have the same structure as Eq. (3.10) and Eq. (3.11), most of the
derivations can be performed in complete analogy to the one-electron interactions and these
operators for He-like systems can be expanded in terms of similar multipole components as
the operators for H-like ions. We can define multipole components a(Lp z)u(H e) for the He-like
systems:

aa(Lp]Q(He) = Z aaa(ﬁ/[, (3.24)

a=1,2

where the H-like multipole components a(Lp ]3/[ act on the spacial coordinates of the electron

marked by the index a of the Dirac matrix in front of them and we use the expression on the
right side of Eq. (3.24).

3.1 Time-dependent perturbation theory and photon-ion interaction
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Time-dependent perturbation theory

The interaction operators (3.9),(3.20),(3.21) we derived in the first part of this chapter
could in principle be used as part of the equation of motion of the Dirac theory (2.1) to find
time dependent solutions for states emitting or absorbing photons. In practice the derivation
of a solution requires a perturbative approach. The transition process is described by means
of time-dependent perturbation theory. Such an approach does not only make the evaluation
of decay properties relatively easy but also allows to distinguish different experimental
phenomena, such as single and multi-photon transitions. I will now briefly introduce the
time-dependent perturbation theory to show the basic concepts of this approach.

In time-dependent perturbation theory we assume that the Hamiltonian of the system:

H(t) = Hy + Hper(t)v (325)

consists of a large time-independent part H, and a small time-dependent perturbation H ;..
Ideally the time-independent Hamiltonian has a set of known eigenstates |v) , like the
spinors we derived for H-like ions.

In the abstract bra-ket notation these eigenstates are solutions of:

Hylv) =E,|v). (3.26)

The eigenstates of the time-independent Hamiltonian are usually known by their time-
independent part. For the following discussion we will however need the full time-dependent
state. As we showed in Eq. (2.4), such states are simply given by:

v, t) = |v) e BT, (3.27)

To derive the time-dependent perturbation theory, the time dependence of the system arising
from H is now transferred from the time-dependent states |¢,¢) to the operators B that
operate on these states. We make a transition from the previous so-called Schréodinger
picture to the so-called Dirac or interaction picture. The new state and operators in this
interaction picture are defined by:

|9) ;e =€ HOET0) oy ) (3.28)

Bipy =eo(t=t0) pe=iflo(t=to), (3.29)

Furthermore, there is new set of equations that describes both the time evolution of the
states as well as the operators B acting on these states:

0 .
Z% :Hper,int ‘w>int 3 (330)
6Bm
i= " =[Bins, Hol., (3.31)

here H, in: is the time-dependent perturbation operator from Eq. (3.25) transferred into
the interaction picture with Eq. (3.29).
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Eq. (3.30) allows to define an abstract time evolution operator:

. t
Ut = o~ P

(3.32)
The main idea of the time-dependent perturbation theory is now to develop this time
evolution operator as a series in orders of ¢, c.p. [32, 43]:

t t T
U(t, tO) ~1-— 7// dTaler,int (7—1) - / dTl / dTQHper,int(Tl)Hper,int (7-2) + e (333)
to to to

We call the contributions corresponding to a certain order of the time ¢, the order of the
perturbation series n, i.e. in Eq. (3.33) the second and third terms on the right side
correspond to the first-(U; (¢, to)) and second-(Us(t, tg))order of the time evolution operator.
With this time evolution operator it is possible to perturbatively study the time evolution
of a system, e.g. initially (at ¢¢) prepared in the eigenstate |a) of Hy. At this time we set
la) = |a),,,- When we assume that at ¢, the time-dependent perturbation is "switched on"
the probability P(t, () to find the system after a time ¢ — ¢, in the eigenstate |b) is given by:

P(t,to) = W(t —to) = |(b|U1(t, to) + Ua(t, to)| a)|* (3.34)

here we used that the |a) and |b) are orthonormal and the zeroth-order contribution of
the time evolution operator vanishes. Furthermore, in many interesting physical cases we
can introduce a constant transition rate W, as seen in the second term of Eq. (3.34). Such a
rate will be defined for single- and two-photon processes.

In Eq. (3.34) the transition probability depends on the square of matrix elements that will
be called the time evolution amplitudes M, (¢,%9) = (b|Un(¢,%0)| a). I will now discuss these
time evolution amplitudes for the special case of radiative transition between bound states
of an ion.

Perturbative description of one- and two-photon processes

In this work we study briefly the first- (and more prominently) the second-order of the
perturbation theory. For a perturbative interaction with the quantized electromagnetic field
these orders allow us to describe one- and two-photon processes. We discuss the example
of one- and two-photon absorption (without loss of generality in H-like ions) in detail and
briefly show how these results can be generalized to all one- and two-photon processes.
Without loss of generality we choose ¢, = 0 and derive the interaction operator for the
absorption of circular polarized photons in the Dirac picture from the definitions (3.9),
(3.29) and (3.10):

Hyperint = C - oI R (k)eiwicte—tHot (3.35)

o nex + 1
C=\/as 2V (3.36)

This interaction operator for photon absorption is very useful if we are not interested in
the polarization (or only in circular polarization) of the photon. We use it to evaluate time

with the numerical constant

3.1 Time-dependent perturbation theory and photon-ion interaction
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evolution amplitudes for circular polarized photons that can also be used to derive the
comparable amplitudes for linear polarized photons by means of the polarization expansion
parameters (3.18).

We now briefly discuss the behavior of the first- and second-order time evolution amplitudes
M, (t) with the interaction operator (3.35). It is at this point useful to keep in mind that
transition probabilities and related properties arise from the square of these amplitudes
| My (2)]2.

First-order: emission and absorption With the first-order of the time evolution ampli-
tude we describe the absorption of a photon with wave vector k and the helicity A. An
absorption of such a photon with the energy wy by an ion in the eigenstates |a) with an
energy E, leads to a transition into the eigenstate |b) with energy E,. The time evolution
amplitude of such a process is given by:

a)

t
=C (b|R\(k)|a) - (—i)/ dretFo=wr=Ea)T (3.37)
0

t
OO0 @) =~ iC [ dr (b[eB RY (g me Er
0

The evaluation of the time evolution amplitude can be split into evaluating a time-independent
matrix element which we will call the transition or more specifically absorption amplitude
My; and an integral over time

t
K(t,Ey —wy — E,) = —i / dre'(Bv=wr=Ba)T (3.38)
0

In first-order calculations it can be shown, e.g. [30, 32], that, if we consider the transition
processes after a relatively long time, the time-dependent integral leads to an energy
conservation condition in the transition probability. We get | K ()|?> — const-t-§(Ey—wp—E,)
for t — oo. As expected we have fixed frequencies at which one photon absorption is possible:
W = Eb — Ea.

Single photon emission can be described in a similar way as single photon absorption
by replacing Hper in¢ with H;em-nt. For such processes the time integral will look slightly
different and lead to an energy conservation relation F, = E, — wg, in which the final state
has less energy than the initial one.

Second-order: two-photon processes The second-order of the time evolution ampli-
tude is slightly more complicated than the first-order amplitude. For two-photon absorption
it describes the simultaneous absorption of two photons and contains a product of two
interaction Hamiltonians H;, pe,. In order to evaluate such a product, we include a unity
operator I = ) |v) (v| between the photon-electron operators, where the index v runs
over all states of the ion including the positive and negative continuum. Under the naive
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assumption that we can force one of the photons with energy ws to be absorbed "first", the
second-order time evolution amplitude is:

t T
(b|U(t)|a) = — C’Q/ dT/ dT/Z (<b’67iEb‘rRi1 (kl)efiwl'reiE,,‘r| V>
0 0 >

—E, 7' pl —iwar  —iE.T’
X <y ’e Ry, (ko)e e

a> ) (3.39)

like in the first-order amplitude we can separate the evaluation into time-independent parts
and time integrals that can be performed separately.

If we exclude all photon energies w, with wy = E, — E,, i.e. energies that would lead to a
single photon excitation of the state v, one of the time integrals can be explicitly evaluated
and the time-dependent part becomes:

1

Ka(t) = 4 —ws—E

K(t, Ea + w1 + wo — Eb), (340)

where K (t, E, + ws + w1 — Ejp) has the same structure as the time integral (3.38) in the
single-photon case.

For such energies the (naive) two-photon absorption matrix can be written as:

(8|8, 0<0)] ) (| Y, k)| 0)

3.41
EV—WQ—Ea ( 4)

(b|Ua(t)| a) = K(t, Eq + w1 + wz — B,)C* Y

v

In this equation we call the non-time dependent sum over v the (naive) transition matrix
amplitude M;5. In real physical processes the photons are indistinguishable. Thus the
transition amplitude must be symmetrized, i.e. we must include both cases, the one where
photon "1" is absorbed "first" (M>1) and the one where photon "2" is absorbed "first" (M;5). A
physical two-photon transition amplitude (or later for photon scattering processes scattering
amplitude) My; is thus given by:

Mfi = Mo + Moy, (3.42)

M5 has the same form as M5, but with the index "1" and "2" in the operators and energies
switched.

As it was discussed for the first-order amplitude the time-dependent part of Eq. 3.41 leads to
an energy conservation condition. For two-photon absorption it has the following form.

Ef =F; +w +ws. (3.43)

In contrast to single photon absorption we see that, as long as the sum of the photon
energies is equal to the energy difference between the initial and final state, the energy of
the transition E, — F, can be continuously distributed between the two photons.

Based on the derivation of this two-photon absorption process, different two-photon pro-
cesses can be modeled by replacing one (photon scattering) or both (two-photon emission)

interaction operators for absorption of a photon Hj,,; ;.. by emission operators H, t For

wnt,per*

such processes there is a energy conservation condition that can be obtained from Eq. (3.43)
by changing the signs of the photon energy w; /, for the emitted photons.

3.1 Time-dependent perturbation theory and photon-ion interaction
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In the discussion of two-photon processes it is sometimes useful to interpret the transition
process seen e.g. in amplitude My; as a two-step process where we have e.g. first an
absorption of one photon which excites the ion into a so-called virtual intermediate state -
represented in Eq.3.41 by the expression ) % In a second step we have a transition
of this virtual intermediate state into the real final state by absorption of a second photon,
c.p. Fig. 1.1. Like any simple interpretation we must take this model with a grain of salt
and keep in mind that in the two-photon process both photons are absorbed simultaneously
and we always need to symmetrize the transition or scattering amplitudes. However, this
model allows us to define a parity condition for two-photon transitions. By considering the
absorption or emission of the two participating photons as separate interaction processes,
we can see from the single photon parity condition (3.16) that only multipole contributions
that fulfill:

P, Py - (—1)latprtlatrz — q (3.44)

contribute to the two-photon transition amplitude, with P,, P, the parities of the initial and
final state.

In order to analyze specific two-photon processes the highly non-trivial second-order transi-
tion and scattering amplitudes for a number of processes will be evaluated in chapter 4.

Fermi’s golden rule and transition probabilities

In the previous section the transition probabilities were discussed for arbitrary short time
scales. Especially in highly charged heavy ions atomic processes happen at tremendous
speed. Most processes, like the two-photon emission and photon scattering we discuss in this
text, are therefore observed long after the actual photon electron interaction has taken place.
It is common to describe such processes by means of Fermi’s golden rule [30, 31, 32, 43,
47]. In this approach the transition (and for photon scattering also scattering) amplitudes
I introduced in the previous sections are used as a building block to evaluate constant
transition rates of the processes. These transition rates are the basis for an analysis of all
interesting properties of the two-photon processes. In chapter 5 and 6 this approach based
on Fermi’s golden rule and the transition and scattering amplitudes that will be derived in
chapter 4 will be used to evaluate such transition rates directly as well as to derive related
properties such as scattering cross-sections.

Fermi’s golden rule is obtained from the transition probability (3.34) by considering long
time scales i.e. M? is considered for t — oo. It defines a constant transition rate, e.g. for
polarized light it is:

Wi = 2rC%" M) 6(Ei + Epn — Ef)p(Epnisp), (3.45)

with C the prefactor from the interaction Hamiltonian that was removed from the transition
amplitudes for convenience, E;, E; the energy of the initial and final state, Epj, the total
energy of the photon(s), and Epy, the energies of the spontaneously emitted photons. Here
we have n = 1 for single photon transitions and n = 2 for two-photon processes.
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As I mentioned before, the energy conservation between the initial and final state (including
the total energy of all photons) arises from K (t)K*(t) for t — oo. In transition processes
in which one or multiple photons are emitted spontaneously, photons are emitted in a
continuum of directions. Furthermore, for multi-photon emission the energy of the transition
is continually distributed among the photons. It is therefore not sensible to consider the
decay into discrete photon states but rather a density of final photon states p(Epy,s,) must
be defined.

In order to discuss not only total transition rates, but also the angular distributions of the
emitted photons, we define state densities p(Epp,;sp) in an angular differential form. For the
spontaneous emission of one or two photons such state densities are given by:

wV
dpipn(w) ngQ,

dpapn(wi,ws) _wnVE o a0, (3.46)
(2m)?

where the d€,Q,{2; are the surface elements of a unit sphere spanned by all possible
propagation directions of the emitted photons and w, wy,w- their energies. The large but
finite volume V' will cancel for observable quantities with similar volumes in the denominator
of the prefactors (3.36) and in e.g. scattering processes with the volume in the relation
between incident photon number and intensity (3.6). This volume is useful to carry along in
the calculations as it allows to check if the unit of a certain quantity is correct.

lons in static electric fields: time-independent
perturbation theory

On top of the influence of dynamic fields we discussed in the first part of this chapter, also
external static fields are considered in this thesis. Static electromagnetic fields cause a
number of prominent phenomena in atomic physics. Some of the best-known effects are
caused by the influence of static external electric fields on the bound electron, and are often
called Stark effects. This kind of static electric fields do not only cause shifts in energy levels
of ions or atoms, but also changes to the states themselves.

For the Stark effects the external electric fields are much weaker than the typical electric
field strength of the nucleus. The effects of such fields can therefore be modeled as small
perturbations to the system by means of time-independent perturbation theory.

In this approach we can describe, on the one hand, Stark-induced energy shifts and a

splitting of the energies of the states, which occur only for relatively strong electric fields.

On the other hand, we have a so-called Stark mixing of the electronic states [48, 49]. The
first phenomenon is of no further interest and will only be briefly discussed here ( for more
details e.g. chapter 14.3 in [36]). My focus lies on the Stark mixing that already plays a role
for weaker field strengths. I now introduce its theoretical background, the non-degenerate
time-independent perturbation theory.

3.2 lons in static electric fields: time-independent perturbation theory
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Time-independent perturbation theory

Time-independent perturbation theory is based on similar assumptions like time-dependent
perturbation theory. We decompose the total Hamiltonian of the system into a large part H,
of which the solutions are known, and a small part AV that depends on some small order
parameter .

H = Hy+ \V. (3.47)

The (not normalized) eigenstates of the Hamiltonian H are expressed as a perturbation
series [1)) = |tbo) + A|¢1) - - - up to a sufficiently high order of A.

For example, up to the linear order the perturbed state |¢) is [30, 32, 36]:

I/\Vlw
+;¢,E Ew , (3.48)

where the sum runs over all states |v) of the unperturbed system except 1)) .

This so-called non-degenerate approach only works if the energies E,, of states |v # 1)) that
mix with the original state |¢/) in linear order are different from E,. We can define a
condition for the strength of the perturbing Hamiltonian for which such an approach is
justified. We only get useful results if:

(W [A\V|v) <|Ey — E,]|. (3.49)

For stronger perturbations we have to assume that there are some degenerate states with
E, = E, and a more complicated perturbation theory for degenerate states has to be used
c.p. e.g. [32, 36, 43].

In the non-degenerate theory not only the state but also the eigenenergies of H can be
written as a perturbation series £ = Ey + AE; + - - -, e.g. the first-order correction to the
energy eigenvalues is:

AEY = (¢ |AV|9). (3.50)

lons in static electric fields

We now consider the specific case of perturbation of states of an H-like ion by linear electric
fields. With —,/ars the charge of an electron, the perturbation operator for an electric field
F is given by:

—/ag - Fr. (3.51)

In this text we are particularly interested in the effect of relatively weak electric fields on
low-lying states of the ion. In order to better define what weak means, we consider the effect
of the perturbative contribution on the energy of the states.

For weak fields the energy splitting caused by the Lamb shift are usually enough to fulfill
the condition (3.49) and we can use the non-degenerate approach described in the previous
section. Under this condition Eq. (3.50) and Eq. (3.51) show that the linear order
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perturbation contribution to the energy arises from a matrix element in which parity would
not be conserved if it were non-zero. Thus this element must vanish and the energy of the
states is in linear order not influenced by the electric field. In this non-degenerate approach
the energy perturbation would only become visible in the second order that would lead
to a contribution to the energy quadratic in the field strength AE oc F2. If, however, the
electric field were so strong that the condition (3.49) would be broken, we would have
the well-known linear F' dependence of the energy of the Stark effect known as the linear
Stark effect, c¢.p.[36]. Furthermore, the eigenstates of the ion would need to be replaced
by a complete mixture of the degenerate states. In the strong field region the perturbation
of the energy of the states has thus a linear F' dependence while in the weak field region it
is proportional to F2. T will omit this linear region in the rest of the text and focus on the
mixing of the states in the quadratic region.

In the weak field region the dressed states are given by Eq. (3.48). For most unperturbed
original states |i) of few-electron ions there are usually some other states with very similar
energies that contribute to this dressed state. As an example in H-like ions the 2p, ;, and
251/, state have the same energy if we describe them by means of relativistic Dirac theory.
The energy difference between these states is caused e.g. by Lamb shifts and is usually many
orders of magnitude smaller than typical energy differences caused by the fine structure.
Since for such states the denominator in Eq. (3.49) becomes very small, the contribution of
such a "next neighbor state" |¢,,) usually dominates Eq. (3.48). As a first estimate it is
therefore sufficient to limit the calculation to the next neighbor contribution [48, 49]. In this
approach the perturbed states |¢,.,) are given by:

|wper> = [¢)) — NF [¢an) , (3.52)

with the mixing parameter

_ /5 un 1] 9)

AE,, +il/2 (3.53)

Here we used I' = I'y, 4+ T'y,,, for the combined decay width of the original state and its
next neighbor and AF,,,, the difference of their energies which is usually determined by the
Lamb shifts of both states.

The unit of the absolute value of the mixing parameter 7 is the inverse of a field strength. It
can thus be used to define a critical field strength F,,,.. At this field strength the condition
(3.49) breaks down and the electric field can no longer be considered small. The critical

field strength is given by:
AE,, +iT'/2

Vas (Ynn | =1 ¥) |
It is very useful as a natural scale for the field strength to discuss the effects caused by the
linear field perturbations and it will be used in chapter 5.

Fraz = (3.54)

To determine the mixing parameter 5 and the critical field strength for specific states of H-
and He-like ions I evaluate in the next section the mixing matrix elements (1, |Fr|v) .

3.2 lons in static electric fields: time-independent perturbation theory
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The relativistic mixing matrix elements for H- and He-like states

The mixing matrix elements (v, |Fr| ) can be most conveniently evaluated in a specific
coordinate system in which the electric field F is parallel to the quantization axis. In this
coordinate system it is possible to simplify the field operator:

—Fr=—Fry/ %“Ym(szr). (3.55)

Using this simplified operator for H-like states the mixing matrix element can be easily
written as, c.p. [12]:

(Ynm [=F2[ ) = (=hp,n [Yio| = k) - Ky + (s, [Yio] ) - Ky, (3.56)
with angular integrals given by:

3(2ly,, +1)

I 1011
Am(2ly + 1) (1 0,101 1,0)

(K [Yi0] Kyp) =

<> (lypamuy, sty | e, mg, )

m ms
b Sy

X <lwmlw,8wms¢ | jwmjw> <l¢nnmlwnn y 10 | lwmlwnn> s (357)

with j, [, s the total angular momentum, the orbital angular momentum, and the spin of the
H-like state and the ms their projections on the quantization axis.

The radial parts in Eq. (3.56) are given by:

ny—|kp| na—|Kal

+ E § + + Yo—14+k oy, —1+k
Kab - NbNa Cb;kca',k/ b Ba
k=0 k’=0

X (By 4 Ba) "1 K 2D (yy 4y + K+ K 4 2). (3.58)

Here we used the constants of our solution for the H-like states from chapter 2, c.p. Eq.
(2.18). The "+"-constants originate from the large part of spinors and "-"-constants from
small part.

The angular parts of the mixing matrix element (3.57) show that in our coordinate system
only states a,b with {, — I, = £1, m;, — m;, = 0, and m,, — m,, = 0 mix. We also have
the (for H-like ions) trivial condition that the spin of the state (and its projection) must not
change s, — s, = 0. Apart from the energy these conditions determine what the relevant
"next neighbor" of an unperturbed state is and potentially select the magnetic substate of
these next neighbor states.

In the independent particle model the mixing matrix elements for H-like ions can be used
as building blocks to construct mixing matrix elements for He-like ions. The He-like matrix
element are evaluated by coupling the total angular momentum j, of the spectator electron
with the angular momenta of the unperturbed state j,, and its next neighbor jy, . to get
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the total angular momenta J,; and Jy;,, of the original He-like state and its next neighbor
state:

<wnn,He Z 7in q/)HG> = Z <jsm17j1/1m2 | J¢M¢> <j8m1aj¢nnm2| J¢nnM¢nn>

i=1,2 my,mo

where (because of the indistinguishability of the electrons) we have to include the space
operators z; for both electrons and the Ms are the projections of the total (He-like) angular
momenta on the quantization axis. In He-like systems similar conditions on the mixing
matrix element for the orbital angular momentum of the acting electron, the projection of
the total angular momentum and the total spin of the He-like state are inherited from the
H-like case.

In the non-relativistic limit the expression (3.56) for H-like systems coincides with previous

results [48, 49]. Furthermore, in this limit Eq. (3.59) also agrees with similar results in
[501].

3.2 lons in static electric fields: time-independent perturbation theory
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4.1

Transition amplitudes of
two-photon processes

As I showed in chapter 3, atomic processes involving a simultaneous interaction of an
ion with two photons can be described by means of second-order perturbation theory. It
was presented how the properties of such processes can be traced back to second-order
transition or scattering amplitudes. We furthermore showed that it is sufficient to consider
such amplitudes under the assumption that the photons that interact with the ion are
circularly polarized. Transition rates and scattering cross-sections for other polarizations
can be constructed from these elements using the polarization expansion parameters we
defined in Eq. (3.17). In this chapter we discuss the derivation of such transition and
scattering amplitudes for circularly polarized photons in detail. I focus on the one hand on
the amplitude of two-photon decay in which an initial excited state decays into a lower lying
state by simultaneous emission of two photons. On the other hand the photon scattering
amplitudes that can be used to describe both elastic as well as inelastic scattering are
considered.

The amplitudes for all of these processes have a very similar structure. In their evaluation
we utilize the definitions of the H- and He-like spinors (2.7) and (2.24) as well as multipole
decomposition of the emission and absorption operators for circular polarized photons with
helicity A defined in Eq. (3.10) and Eq. (3.11). With these definitions is is possible to
separate the angular dependent parts from the angular independent parts of the amplitudes
and to evaluate them separately. In the first part of this chapter we present an approach to
perform such a separation previously used, e.g. in [9, 42, 51, 52]. With this method the
radial integrations are traced back to the evaluation of the so-called reduced matrix elements
of two-photon absorption. In the second part of this chapter I discuss a basic analytic method,
c.p. [12], for evaluating these reduced matrix elements in detail. Furthermore, I examine
the limitations of this analytic solution and briefly discuss advanced methods [6, 53] that
allow us to go beyond these limitations.

Transition amplitude of two-photon processes

I begin the discussion of the transition amplitudes of two-photon processes by evaluating
the matrix elements for two-photon decay. In this calculation I first separate the angular
parts of the calculations from the radial parts by means of the Wigner-Eckart theorem.
The Wigner-Eckart theorem introduces so-called reduced matrix elements that contain the
complex radial integrations and will be discussed in the second part of this chapter. As a
second step the angular parts are simplified. Using the symmetry properties of the reduced
matrix elements the scattering amplitudes can be described in a similar way.
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The two-photon decay amplitude for H-like and He-like ions

The separation of the angular dependent parts has the same structure for two-photon decay
in H-like as well as He-like ions. It is therefore very convenient to discuss it in terms of
general multi-electron states |aJM) . In these states the Js and the M are the total angular
momenta and their projections, i.e. the J,j and M, m for states of He-like and H-like ions. The
« are an abbreviation for the principal quantum number and the orbital angular momentum
or the parity of the states , i.e. N, P for states of He-like ions and n,] for states of H-like
ions, c.p. chapter 2. Likewise we use the emission R}\’QT(k) operators and their multipole
components both for single- as well as two-electron systems, c.p. chapter 3. Here X is the
helicity of the emitted photon and k its wave vector.

In two-photon decay both photons are emitted simultaneously. Since the photons are
indistinguishable, the transition amplitude must be symmetric with respect to the photon
number, i.e. we need to include both possible decay paths: the one where "first" photon 1 is
emitted and then photon 2 and the one where this order is reversed. For a two-photon decay
of the initial state |«;.J;M;) into the final state |ayJrMy) such an amplitude is given by:

{apJsMy ‘Rif*(kl)’ auduMy ) (o, M,

L QT(kg))aijiMi>

My =

oy Ju M, Bi —ws
(ap My [RY2H0k2) | cud My ) (el Mo | RYZ k)| i i)
. 4.1)
E; —w
o, J, M,

Here E; is the energy of the initial state and the kj 2, A1 2, w1 2 are the wave vectors, helicities,
and energies of the photons.

In order to be able to use the Wigner-Eckart theorem, which allows us to separate the
direction-dependent parts of the matrix elements of a tensor operator from its direction-
independent parts, we must consider matrix elements with an operator that depends on
a single angular momentum and its projection. As I showed in chapter 3, the emission
operators R}\’Q t (k) can be expanded into operators of this kind, the multipole components
ag’ ]34 With the expansion of the interaction operators from Eq. (3.12) the two-photon decay

matrix can be written as:

p=2m > Y (=) (i )P (=ida)?? (L, La)' 2 Dij R () DI, (O4,)
p1LipaLo My Mo

{ap My ‘2 a.al®) ‘aVJVMV> (o, M,

X( Z Eifwng,/

o, Jy, M,

aL( M) ‘aiJiMi>

(g Jy My ‘za caal "3l | wd My ) (g My
Ei—w —E,

+
ay,J, M,

i

al @) aiJiMi>>

(4.2)

where we used the abbreviation [a,b, - -] = (2a+1)(20+1) - - - and the index a is 1 for H-like
ions and runs from 1 to 2 for He-like ions and the p, L, Q) are defined like in chapter 3.

Chapter 4 Transition amplitudes of two-photon processes



41.2

At this point the Wigner-Eckart theorem (c.p. A.62 in [35]) can be employed and the matrix
elements <a FIeMys >, aaa(Lp 1%/1 oziJiMi> can be written as products of Clebsch-Gordan
coefficients and factors that do not depend on a particular reference frame, the so-called
reduced transition matrices. In a naive approach evaluating the transition amplitude would
require to derive the reduced matrix elements for two-photon decay. Alternatively these
reduced matrix elements for two-photon decay can be traced back to the better-known
reduced elements for the two-photon absorption. I will show in the second part of this
chapter that a reduced two-photon emission matrix element can be written as a product of
the corresponding two-photon absorption element and the prefactor (—1)F1+L2, With this
symmetry the final two-photon emission amplitude is given by:

My =2m > > il (wid )P (—idg)P2 [Ly, Lo)'/2 DI (Q4 ) D2, (s
p1Lip2 Lo My Mz

< Y [Jp L)Y ((Ju My, LiMy | Jp M) (JiM;, LaMy | J,M,) 85171527 (—w,)
J, M,
+ (Ju My, LoMa | JpMy) (J;M;, Ly My | J, M) 8727250 (—wy)). (4.3)

Here we introduced the reduced matrix elements for two-photon absorption:

(p2)

<O[fJf ‘ ‘Za aaag)ll) Za aaaLg

’ozyJu> <auJy
Ei — W — El,

| ai‘]i>. 4.4)

5511)1 Lap2 (_
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ay

In Eq. (4.3) the "virtual intermediate" angular momenta J, and their projections M,
are determined by the well-known triangle rules for angular momenta in Clebsch-Gordan
coefficients, c.p. [35]. For a non-zero contribution, e.g. to the first part of the sum in
Eq. (4.3), the angular momenta J, have to fulfill the condition |J; — Li| < J, < Jy + Ly
and |J; — Ls| < J, < J; + Ls. In general this internal structure is not well visible in most
two-photon processes. In chapter 6 I discuss a case where transitions via intermediate states
with specific angular momenta are enhanced and such triangle rules have a visible influence
on the transition properties.

Scattering amplitudes

Photon scattering can be described as a second-order process in which simultaneously one
photon is absorbed and one is emitted. The scattering amplitudes of such a process can in
principle be handled in complete analogy to the preceding paragraph. This approach would
however require the evaluation of reduced scattering amplitudes. As the evaluation of such
reduced elements is non-trivial, it is more intelligent to use the symmetries of the reduced
transition amplitude of single photon transitions to express the scattering amplitude in terms
of reduced matrix elements for two-photon absorption. In order to implement such methods,
we first discuss the symmetry properties of the reduced matrix elements for single photon
transitions. As in this thesis only the scattering of photons by H-like ions is considered, we
simplify the calculation by focusing only on such ions. Like in chapter 2 the bound states of
such ions are determined by the quantum numbers n, [, j, m and we use the one-electron
absorption or emission operators.

4.1 Transition amplitude of two-photon processes

33



34

Symmetry of single photon reduced matrix elements

For the upcoming calculations we need to understand the behavior of the reduced matrix
element for single photon absorption under complex conjugation. It can most easily be
determined by considering an explicit solution for such a reduced element. For H-like ions
such single-photon reduced matrix elements can be found in the literature [1, 54]. For
example an explicit form is [1]:

14+ (_l)ln,+lb+L+p+1
2

(nalaja V2o 1l /2, L0] jo1/2) Moy, (4.5)

aa(Lp) ’ ’ nblbjb> =
with the quantum numbers for the H-like states n, /4, ja,b, la,p, and kg, from chapter 2. The
L, p, k define the multipole order of the transition and the length of its wave vector.

The expressions Mzb are given by:

—(p=0) —1 2L+1

_ +(1..

Mab _\/ZE L(L+1) (/Qa'i_”ib)IL (k7a‘ab)7 (4'6)

M~ L [(Fa — m) IF, (ks a,b) + (L + 1)Ip, (ks a,b)]

ab Var @+ D@L+ 1) B T ML S L+1% @
L+1 _
m [(lia — Hb)];ﬁl(k;a,b) — LILil(k;a,b)] ), (47)
(4.8)
with the radial integrals:
FE(ab) = [ (@) () £ 0u0) ) g, 4.9)
0

where the g(r), f(r) are the large and small radial parts of the spinor (2.7).
To establish possible symmetries I now explore how the parts of Eq. (4.5) react to complex
conjugation. As a first step we see from Eq. (4.8) and Eq. (4.9):

(377) = (-vriary) (4.10)
while the prefactors in Eq. (4.5) do not change.

Finally I use this observation and the symmetry properties of Clebsch-Gordan coefficients
(c.p. [35]) and find the following symmetry:

(<nalaja

By means of an IPM approach it is not difficult to show that a similar symmetry would be
also true in He-like systems.

o[ motin)) " = (-1 (gl ][0 | mada). @11
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The scattering amplitude

In a scattering process there is both an absorption of a photon (defined by ki, A1, w;) and an
emission of a photon (defined by ko, A2, w5). I evaluate the scattering amplitude by using the
fact that the emission operator is the complex conjugate of the absorption operator. Using
the well-known relation between a matrix element of an operator A and the matrix element
of its Hermitian adjoined operator (b|A|a) = ({(a ‘AT] b))* the scattering amplitude with an
initial state |n;l;j;m;) and a final state |n;l;jsmy) can be written in the following form:

Mslg — Z <(<n”ly-]’/m” |R/\2 k2 ’nflf]fmf>) <nV V]VmV |R)\1 kl |n’L z]zmz>

nylyjumy Bit+w — Ey
. sty |3, (o) mol o) (Grutsioms S, ()| nyzyjumu»*). @12)
Ei — W2 — El,

To evaluate this expression it is useful to consider a multipole decomposition of the single
photon transition matrices in the Eq. 4.12 by means of (3.12).

With this expansion and the Wigner-Eckart theorem the single photon transition matrix
elements are given by:

<nulujymy ‘R}\ (Qk )| nllzjlmz> % Z V 2L1 + 1ZL1 ’L)\l plD]L\//[l A (Qk )
' 1 2‘71 plLlMl ' 1

‘ n117]7> .

(4.13)

(p1)

X <]zm1a LM,y | jvmv> <n1/l1/j1/ aay.

This decomposition of the single photon absorption amplitude allows us to rewrite Eq. (4.12)
into the following from:

M =2m* > [L1, Lo] /2 817 F2 (1A, )P1 (—idg)P2 > Dy, () D25, ()
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By using the symmetry of the reduced matrix element under complex conjugations (4.11)
the complicated sums of reduced matrix element expressions in Eq. (4.14) can be traced
back to the reduced matrix elements of two-photon absorption and we finally have:

M=o Y Y (=P (=) (AP (—idg )P
p1LipaLo My Mo
1/2 *
x [L1, Lo Dih , () DiRR, ()
x> ((24y + 1)1 (Gpmy, LaMy | Gym)

Jumy

% (jymi, LyMy | jumy,) S12P2 5P (4w
+ g3 R (=1 Gymy, LMy | Gmg)
X <j,,ml,, LQMQ | ]7m2> Sjulp1L2p2(—L¢J2)). (415)

This photon scattering amplitude (4.15) has many similarities with the two-photon decay
amplitude (4.3). The angular momenta are coupled in the same way and the angular
momenta of the intermediate states fulfills similar conditions as the angular momenta of
the intermediate states in two-photon decay. However, by comparing the amplitudes we
can see that in contrast to the two-photon decay amplitude the scattering amplitude is not
symmetric with respect to the photon numbers. The asymmetry is caused by the fact that in
the scattering process both photon absorption as well as emission contribute. In the different
reduced matrix elements in Eq. (4.15) the photons have therefore energies with an opposite
sign.

It should be mentioned that there are other representations of the angular dependent part
of such scattering and decay amplitudes. For example, in [55, 56] an approach based
on irreducible tensors was used. While such a irreducible tensor representation can be
somewhat more compact and it is useful to determine the non-relativistic limit of the
scattering amplitude, the approach presented here is better suitable to evaluate numerical
approximations of such elements and somewhat easier to understand for an interpretation
of the results.

The reduced matrix elements for two-photon
absorption

By introducing the reduced matrix elements in the first part of this chapter, I was able to
separate the non-trivial radial integrations from angular and polarization dependent parts.
The evaluation of such elements involves a summation over the complete spectrum of the
ion, as can be seen from the definition (4.4). This spectrum includes the well-known discrete
part I showed in chapter 2, the continuum of states with positive energy that corresponds
to unbound electrons and in a relativistic theory also a continuum of states with negative
energy. It has been shown that all these contributions play an important role for the second-
order amplitude. For example Akhiezer proved [47] that in the non-relativistic limit a
separate quadratic electromagnetic interaction operator arises from the contributions of
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the negative continuum. This part is sometimes called the Seagull term and is especially
important for two-photon processes with the same initial and final state, such as elastic
photon scattering.

Over the years a number of methods have been developed to deal with the infinite sum in
Eq. (4.4). While in some earlier works [7, 13, 57] direct summation of a finite number
of intermediate states and similar finite approximations were popular, nowadays mostly
numeric finite base methods [6, 9, 58, 59] and Greens function bases approaches [4, 22, 52]
are used. In this thesis I focus mostly on Greens function based methods. Specifically, most
results were evaluated using an analytic solution of reduced matrix elements for two-photon
absorption in H-like system based on the Sturmian representation of the Dirac-Coulomb-
Greens function [56, 60]. I discuss this approach and its limitations in detail.

Following this discussions more advanced Greens function-based methods as well as numer-
ical methods based on a finite number of B-polynomials and B-splines are presented that
overcome these limitations. Such reduced matrix elements evaluated by Vladimir Yerokhin
were used in our study of the elastic photon scattering process.

Finally I briefly show that these results for H-like ions can be generalized to He-like ions
using an independent particle model.

Dirac Coulomb Greens function approach: an analytic
solution

The Sturmian representation of the Dirac Coulomb Greens function

In order to evaluate the sum in the definition (4.4), as a first step it is useful to return to
the full transition amplitude (4.1). In this amplitude there is a sum over all intermediate
states v. We can combine this sum with all other expressions in Eq. (4.1) that depend on the
intermediate states and define a so-called Greens operator. For H-like ions it is:

A I/lV-V v l/ll/ 1/’1/
GEy= % n J@i(}g M jv| 4.16)

nylyjom,

Such Greens operators are best known by the position representation of their matrix elements
G(r,r'; E) = (r| G(E) |'). This representation is known as the Greens function of the system.
It is the solution to a fundamental differential equation that is in the case of a relativistic
H-like ion:

(Hp — E)G(r,v'; E) = (r, 1), (4.17)

with the Hamilton operator Hp = f+ap— % from Eq. (2.6) and the two space coordinates

r,r'.

For quantum mechanical systems the function G(r,r’; E) has a simple interpretation: It
describes the propagation of an electron in the electric field of the nucleus. To derive this
propagator we need to solve Eq. (4.17). For relativistic H-like ions with a point-like infinitely
heavy nucleus several solutions are known. In all of these solutions the Greens function is
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written as a sum of Greens function components that depend only on specific intermediate
angular momentum j, and its projection m,,:

G(r,v; E) Z Gm“ (r,v'; E). (4.18)

Julvmy

Like the spinor for H-like states (2.7), the components G"" oY, can be written as four 2x2-
component expressions that have radial and angular parts:

Gjm,,flu (r,v; E)
gi (s E)XI ()X T Q) g2 (! E)X ()X ()

—igab (rors B, ()X H( Q) g2 (rr's B2, ()X 75 N ()
(4.19)

where we have two of the same two-component angular parts x}'~ (§2) as in Eq. (2.7) and
four radial parts g/’ (r,r’; E) and we reintroduced the £ = £(j, 1) quantum number from
chapter 2 that is connected to the orbital and total angular momentum by Eq. (2.12).

For the radial part several solutions have been found. We here utilized a Sturmian rep-
resentation of the radial parts, c.p. [34, 61, 62]. These kind of solutions are obtained
by first inserting (4.18) and (4.19 into (4.17). By clever algebraic manipulations of the
resulting radial equations these equations can be traced back to the so-called Sturm-Lioville
differential equation. Thus the radial parts can be constructed from the solutions of this
Sturm-Lioville equation. These lengthy derivations go beyond the scope of this thesis and
can be found e.g. in [12, 34].

For my purpose it is sufficient to know the results. According to Hylton et. al. [62] the
solutions for the radial Greens function are:

g (r,r's B) = 21?(2pr2pr')'y_1 exp(—p(r + 1))

x AY Z Z Cid Lo (2pr)L % (2pr). (4.20)
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with L%(x) the generalized Laguerre polynomials and the following constants:
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ay =ah =2y —1, aq = oy = 2yfor all other q. (4.23)

In these expressions the abbreviations v = y/x2 — (Zag)?, p=+v1— E? and v = ZagE/p
are used.
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Analytic solution for the reduced two-photon absorption matrix element

The Sturmian representation of the Dirac-Coulomb Greens function can be used to evaluate

an analytic solution for the reduced two-photon absorption matrix elements for H-like ions.

As such derivations have been discussed in depth in the literature [4, 12, 52], I will here
only show the main steps.

The derivation starts with the two-photon absorption amplitude. By including the definition
of the Greens operator (4.16) the amplitude for a transition between the state |n;l;j;m;)
and the state |nflsjrmy) can be written in analogy to Eq. (4.1) as:

+ (nsjflymy | Ry, (k2)G(E; + wi) Ry, (ki)| nijilimi) . (4.24)

This amplitude models the absorption of two photons with helicities A1, Ao and wave vectors
ki, k,. As I mentioned in the preceding paragraph, between the absorbtions the propagation
of the electron is described by a Greens operator (or in its space representation by a Greens

function) that depends on the energy of the initial state F; and the absorbed photons wy, ws.
Like in chapter 3 I call the first matrix element of Eq. (4.24) M;> and the second one Mo;.

For symmetry reasons it is here sufficient to discuss the evaluation of M.

In my discussion in the preceding paragraph I showed that the Greens function can be written
as a 2x2 matrix of 2x2-component expressions. In the evaluation of the matrix elements
(4.24) there are contributions from the four components of the Greens function that are each

combined with one large or small part of spinor of both the initial and final state of the ion.

The matrix element M5 can be written as a sum of these contributions from the different
entries of the two-component matrices (I.J), i.e. we have My, = M1 + M3 + M + M
By utilizing the multipole expansion (3.12) of the photon absorption operators, e.g. the

contribution of the small components f(r)x™,.(Q2) of both the initial and final spinor, c.p. Eq.

(2.7), can be written as:

Mg =2 Y [Li, Lo iR AP Xa)P Y DRt (@)D, ()

LipiLapa My M-
0 [ [ BT Qa1 s Bt ) ()
X (e )oral () fi(r )X (R ) A drdQy. (4.25)

A careful comparison of Eq. (4.25) with similar expressions for the other I.J components
reveals that the angular dependent parts of all M/ elements have a similar structure. At
the beginning of this chapter I showed that in the evaluation of the transition amplitude
the angular parts depend only on the total angular momentum and its projections. As
the angular parts of the large and the small part of the wave function (as well as the four
2x2-component expressions of the Greens functions) with x and —x have the same total
angular momentum (c.p. Eq. (2.12)), the angular dependent parts in Eq. (4.25) are the
same for all four different two-component spinor contributions M{s. So all the reduced
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matrix element two-component spinor contributions can be combined into a single reduced
matrix element for a specific multipole L1, p1, Lo, po:

L L L L ;11 LipiL ;12 LipiL ;21 L L ;22
S,‘lel 2P2(7w2) — Sj,,lpl 2P2 +Sjylpl 2P2 +Sjulp1 2P2 +Sj,,lp1 2P2 . (426)

These parts of the reduced matrix element can be explicitly evaluated using the position
representation of the spinors (2.7), the radial Greens function (4.20), and an explicit form
of the multipole components a(Lp ]34 from Eq. (3.13). With some analytical effort [12] it can
be shown that these parts are given by:

Sﬁ1p1L2p2;IJ(_w2) :2}72 Z AIJ . (2p)2(v71) <(—1)Il€f ||0'YL1,A1|| (_ )I+1 (jl,ll,)>
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n=0 gq

(4.27)

where I used the constants C/}/, o, and p(E) from the solution of the Dirac Coulomb
Greens function (4.23) and «;, ks as the x quantum number of the initial and final state.
I write k(j,,0,) for the intermediate x quantum number to emphasize its dependence on
the total and orbital angular momenta j,,[,. I also introduced symbols for reduced matrix
elements that depend only on the angular parts of the spinors, Greens function and multipole
components. These components were evaluated e.g. by Grant [54, 63] and are given by:

le 1/2 ja
(ka 1Y LAl ko) = las o L AL T2 1, 172 )
L 1 A

1] 11,0, A0 1,0), (4.28)
2T

where the 3x3 matrix in curly brackets is the so-called Wigner 9j-Symbol [35].

Finally, in Eq. (4.27) the radial integration can be decomposed into products of two similar
integrals here abbreviated by IAI1 "(k1,p(E), o). These integrals can be solved numerically
[4] or analytically. For example, in my diploma thesis [12] I found a representation in terms
of generalized Laguerre functions PZ(z):

n—|s| n
I (s p(B), 0q) = 737 Nyl (B) 1 (2p(B))X (n : aq>

k=0 x=0 n—=X

. (‘X?X,/% (3 + p(B)? + K

T(A A1+1/2 B + p(E) .
Fhr /2 k- (x/(ﬁz+p(E))2+k% -4

here I used the substitution p = x + v + k + 7, + 1/2. The expressions v, p(E), v, and «,
are from the definition of the Greens function (4.23) and the ~,, 5 and c;t , are from the
definition of the wave functions (2.18). The sign of cjik is+for/ =2and — forI =1.
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For a conclusive evaluation of the reduced matrix element the parts (4.27) are integrated
into the whole element (4.26).

With such an explicit solution for the reduced matrix elements it is possible to get some
insights into the symmetry properties of the reduced matrix elements. Of special interest is
the question how the reduced matrix elements for two-photon absorption relate to the reduce
matrix elements for two-photon emission. To study this question I take a closer look at the

multipole component a(L%, c.p. Eq. (3.13). From this definition we see that the difference

of the multipole components a(Lp 124 for absorption and the multipole components ag\)} for
emission of a photon only lies in their angular parts. The angular part of the emission

component is the complex conjugate of the angular part of the absorption component. In the

reduced matrix elements these angular parts contribute by means of the expressions (4.28).

A close inspection of these expressions by means of angular momentum algebra reveals the
following symmetry:

(Ko |[(@YLA)"|[Ko) = (=1)" (Ka [loY Lall 55) - (4.30)

As I mentioned in the first part of this chapter, we thus have the following symmetry between
the reduced matrix elements for two-photon emission and absorption:
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Advanced solutions of the reduced matrix element

While the solutions based on the Sturmian representation of the Dirac Coulomb Greens

function are a relatively simple analytical solution, this model has a number of drawbacks.

Most importantly, if the intermediate energy e.g. E; + wy is larger than the ionization
threshold of the ion, the sums in the Sturmian representation (4.20) no longer converge
and different methods have to be employed. Such energies appear e.g. often in photon
scattering processes. In order to describe the elastic scattering of higher energy photons
in chapter 6 we therefore used reduced matrix elements obtained by Vladimir Yerokhin,
c.p. [53]. He employed a different representation of the Greens function based on so-called
Whittaker functions. With such a form of the Greens function the solutions can be continued
to intermediate energies that are above the ionization limit. However, this continuation has
a branch cut at the real axis. By carefully including small imaginary shifts to the energies
of the photons, Yerokhin’s method chooses the "right" branch of the function. With such a
well-defined Greens function the reduced matrix elements are subsequently evaluated by a
numerical integration of the radial integrals.

In both of these Greens function approaches the participating ions are described as electrons

in a field of an infinite heavy point-like nucleus. Effects that arise e.g. from a finite shape of
the nucleus would have to be included perturbatively into such a system. Furthermore, for
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photon energies that come close to so-called resonances, i.e. where the two-photon process
could be described as a two-step process via a real intermediate state |i) — |v) — |f), the
precise energies of these states (including e.g. the Lamb shift) and their line width , c.p.
[47], become very important. While these issues are beyond the scope of this thesis, it
should be mentioned that such effects can be described e.g. by using numerical finite basis
set methods, c.p. e.g. [6]. In such models the ion is placed in a finite box, in which both for
the bound states and the positive and negative "continuum" the number of states is finite. By
reducing the infinite number of states to a finite number the infinite sum in the definition
of the reduced matrix element (4.4) becomes finite and can be performed explicitly. In
a practical calculation of this kind the states are e.g. expressed in terms of B-splines or
B-polynomials.

Reduced matrix elements for He-like systems with IPM

Under the assumption of the independent particle model, i.e. when we can neglect the
electron-electron interaction, the reduced matrix elements for two-photon absorption by
He-like ions can be straightforwardly expressed in terms of H-like reduced matrix elements.
We determine the element by comparing Eq. (4.3) with a similar calculation in which the
He-like states are expressed in terms of H-like states by means of the independent particle
model (2.24). With some lengthy but trivial angular momentum algebra it can be shown
that the He-like elements are:

Sie;L1P1L2P2(_w2) — Z [Ji7 ny J,, Ju]1/2 (_1)ji+ju+L1+L2_Ju_Jf+1

Jv
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here j; is the total angular momentum of the non-interacting spectator electron, j;, j.,j;
are the initial intermediate and final total angular momenta of the H-like state of the "active"
electron and the J;, J,,, J; are the total angular momenta of the He-like states.

We see from Eq. 4.32 that the reduced matrix elements for two-photon absorption and
emission in He-like ions inherit the symmetry of the H-like reduced matrix elements (4.31).
The He-like elements can therefore be used in Eq. (4.3) to evaluate the two-photon decay
amplitude. Similar arguments can be given for the relevant symmetries we used in the
derivation of the scattering amplitude.

Following the introduction of the theoretical approach I used in my research, I will present
the results that originated from these efforts in the next two chapters.
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Two-photon decay in strong laser
fields

Based on the theoretical approach that was developed in chapter 3 and 4, in the following
two chapters a number of two-photon processes are examined in detail. These studies
demonstrate on the one hand how the relativistic method can be applied to describe such
systems. On the other hand they allow to examine how much such two-photon processes
can be externally influenced and what kind of interesting effects can be measured in such
systems. These questions are motivated by the following considerations.

In two-photon processes a number of interesting quantities can be observed, e.g. in two-
photon decay total as well as energy- and angular-differential decay rates can be measured.
For some specific decay parameters, e.g. a certain energy sharing of the photons, these
quantities are very sensitive to small changes of the physical system. Such configurations
can be used to study relativistic and higher multipole effects in detail and might even
allow to measure tiny effects caused by QED or even the parity non-conserving (PNC) weak
interaction between the nucleus and the electrons. This kind of measurements would require
a very precise control of the two-photon process.

One way to control such processes is the use of strong external electric fields usually
facilitated by means of lasers. Prominently, there have been some proposals to use two-
photon absorption of polarized light to measure PNC effects in heavy few-electron Uranium
ions [3, 11]. However it was an open question how the electromagnetic field from strong
lasers that would be necessary for such experimental schemes would affect the properties of
the two-photon absorption, most importantly if side effects would make such experiments
impossible.

To examine these questions I studied here the effects of external electric field on two-photon
decay, c.p. Fig. 5.1. In the first part of this chapter I present my study [60] on two-photon
decay of H- and He-like ions in a static electric field. Such systems do not only allow to
examine the feasibility of PNC measurement schemes [3], but can also serve as a toy model
to analyze general effect of perturbations on two-photon processes. This study is based
on research I did for my diploma thesis [12], in which I performed a preliminary analysis
of the effect of external electric fields on two-photon decay in H-like ions. In additional
work as part of my PhD-studies the results of these calculations were analyzed in greater
detail, for example the effect of possible single-photon decay was included. Furthermore,
new calculations for electric perturbations on the two-photon decay of He-like ions were
performed.

Additional to this study I present some of my previously unpublished results on one of the
effects of dynamic electromagnetic fields on two-photon decay in the second part of this
chapter. Namely in such fields one of the emitted photons of the two-photon transition
can be emitted via induced transitions. I examine the properties of this so-called singly
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Fig. 5.1: Schematic description of two-photon decay. An initial state |«;J;M;) decays to
a final state |asJyMy) by simultaneous emission of two photons via an virtual
intermediate state |« .J, M, ) . Here I use the notation from chapter 4 for the total
angular momentum and its projection J, M and the abbreviation « for the other
quantum numbers n, [ for H-like ions and N, P for He-like ions.

|oeeM¢>

stimulated or enhanced two-photon decay in highly charged ions and explore the feasibility
of its measurement.

Perturbation of two-photon decay of H- and He-like
ions by static electric fields

Introduction

In most of the proposals to employ laser-driven two-photon absorption to measure PNC
effects [3] the lasers have a frequency in the optical or infrared regime. The period of such
fields is very long in comparison to typical time scales for two-photon transitions in heavy
ions. To study the effect of such external perturbations on the ion, we can therefore, as a
first approximation, assume their electric fields to be static. Furthermore, I consider relative
weak electric fields that are weaker than the critical field (3.54) defined in chapter 3.

In such fields I analyze the decay properties for spontaneous 25,/ — 151 /2 and 2p; 5 — 1512
two-photon decay in H-like ions, based on the results from [12], and for 25, — 1S, and
23 Py — 115, decay in He-like ions. Specifically, I discuss the behavior of the total decay rate,
the energy distribution of the emitted photons, and the photon-photon angular correlation
for photons with a specific energy sharing.

Chapter 5 Two-photon decay in strong laser fields



5.1.2 Linear perturbed two-photon decay

In chapter 4 we presented solutions for the two-photon decay amplitude for H-like and heavy
He-like ions. These amplitudes allow us to evaluate the two-photon decay rates, the energy
distributions of the photons and their angular correlations by means of Fermi’s golden rule
(3.45).

To study two-photon transitions in external electric fields, a similar decay amplitude for
two-photon decay in an external field needs to be derived. The evaluation of such a dressed
decay amplitude proceeds in the same way for H-like and He-like systems and is performed
only once with the same quantum numbers we used for the evaluation of the two-photon
decay amplitudes in H-like and He-like systems in chapter 4.

In general, deriving a solution for the dressed two-photon decay amplitude would require to
consider the effect of the electric field on the initial, virtual intermediate and final state of
the transition amplitude Eq. (4.1). However, we can greatly simplify these calculations if we
follow the discussion in chapter 3. In this chapter it was mentioned that the effect of a "weak"
electric field with the field strength F' on the states of the ion can be described using non-
degenerate time-independent perturbation theory. The perturbed state of the ion includes,
on top of the original unperturbed state, mixing contributions from other eigenstates of the
ion. We showed in the final part of chapter 3 that in a first approximation it is sufficient to
include mixing between states with similar energies, specifically an unperturbed state and
its so-called next neighbor state, c.p. Eq. (3.52).

If we consider the decay of the 2s, /5, 2p; /, states in H-like ions or the 215,23 P, states in
He-like ions to the ground states, we can further simplify the dressed two-photon transition
amplitude. On the one hand, in comparison to the excited initial state, the energy difference
between the ground state and any state it could mix with is huge. For the two-photon
decay amplitude the contribution from the perturbation of the ground state is therefore
insignificant in comparison to the contribution from the initial state and can be neglected.
On the other hand, similarly, in the case when energy sharing between the two emitted
photons is not too one sided, the energy of the virtual intermediate state, i.e. £ = E; — w1,
has a huge distance to the energy of any real state of the ion with which it could mix. We
can therefore also neglect potential perturbative contributions from the intermediate state.
Due to these new results complicated calculation on the perturbative contributions from the
ground and intermediate state I assumed to be non-negligible in my earlier work [12] can
be avoided. The simple first order result I derived in this work therefore turns out to be a
reasonable approximation to describe the two-photon decay amplitude in an electric field.
This dressed decay amplitude M, consists of the decay amplitude of the unperturbed initial
state M;, evaluated with Eq. (4.3), and a so-called induced decay amplitude M}?,d, which
is defined as the two-photon decay amplitude (4.3) for the transition of the "next neighbor"
state to the ground state:

M}z = Mfi + F77 : M}?’déﬂﬂJWz‘;ind6li7lz‘;indi155i751‘;ind7 (5.1)

with the Stark mixing parameter n which is the projection of the vectorial parameter 7
from Eq. (3.53) on the quantization axis. I included the conditions on the orbital (;, l;;inq)
angular momenta of the acting electrons of the initial and intermixed next neighbor state
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Fig. 5.2: Adopted geometry of two-photon decay in an electric field, with field strength F',
directed parallel to the quantization axis.

and the projection of the total angular momenta of these states ();, M;.inq) and their total
spin S;, S;.inq for Stark mixing between two states from chapter 3 by means of § symbols. A
similar solution was found in my naive approach in [12].

The M; = M;.;,,q mixing condition was determined in chapter 3 using a coordinate system in
which the electric field is parallel to the quantization axis. I therefore discuss the two-photon
decay in electric fields in a spherical coordinate system in which the quantization axis is
parallel to the electric field F as seen in Fig. 5.2. In such a coordinate system the direction
of the electric field can not be easily changed. To study how the direction of the electric field
affects the emission of the two-photons I therefore "rotate" the two-photon decay process
and observe it for a number of different emission geometries. In these geometries the angle
between the emission directions of the photons 6, c.p. Fig. 5.2, is the same, but there are
different angles between these directions and the external field. For a good overview of the
dependence of the decay properties on the direction this field it is sufficient to define three
distinct emission geometries. We have first the "parallel" emission geometry where one of the
photons is emitted parallel (¢1 = ¢o = 0°,60; = 0°,05 = 6, c.p. Fig. 5.2) to the quantization
axis, second the "antiparallel" emission geometry (¢; = ¢2 = 0°,6; = 180°,05 = 180° — 6)
where it is emitted antiparallel and finally the perpendicular emission geometry (¢; =
0°,¢2 = 0,60, = 90°, 605 = 90°) where both photons are emitted perpendicular to the electric
field (0 is here the opening angle between the photons).

With this definition of the coordinates system I can now describe the decay properties. As a
first step I insert the dressed transition amplitudes (5.1) into Fermi’s golden rule (3.45) and
include the (differential) state density dpspn(w1,ws) for two spontaneously emitted photons
(3.46). I consider initially unpolarized ions and don’t observe the state of the ion after the
scattering process. Likewise in this study the polarization of the emitted photons plays no
role and it can be summed over these polarizations. Such a system is modeled by averaging
over the magnetic quantum number of the initial state M; and summing over the magnetic
quantum number of the final state M and the possible projections A, Ao of the circular
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polarization of both photons. We get a triple differential decay rate, differential in the energy
of one of the photons w; and in the propagation directions 1, {25 of both photons:

aw agwiwn Z Z t 27 rind § rind t
dw1d$21ds 27‘[‘(2.]1' + 1) Mo e
AnF MM, + 0" FMp M) (5.2)

Here J; is the total angular momentum of the initial state and the large but finite volume
that was introduced in the definition of the electron-photon interaction operator is canceled
by the volumes from the state density dpspy, (w1, w2). This angle-differential rate will be used
to discuss angular correlations of the emitted photons. Its behavior is determined by three
different parts: First there is the original unperturbed part that is represented by the first
expression in the square brackets of Eq. (5.2). Its size does not depend on the strength or
direction of the electric field. Then there is the contribution from the newly induced decay
channel that can be seen in the second term of the definition. It has a quadratic dependence
on the field strength F. Finally there are interference terms between the original and the
induced decay channel that can be seen in the two remaining parts of the equation. These
contributions depend linearly on F.

The triple-differential rate (5.2) can be used to evaluate other interesting properties such
as the continuous energy distribution of the emitted photons. This distribution can be
described by means of the energy differential decay rate, i.e. by integrating Eq. (5.2) over
the directions 1, 25 of the emitted photons.

It is worthwhile to discuss this integration in more detail. To evaluate the energy distribution
of the photons we have to integrate over products of the angular dependent parts of a decay
amplitude (4.3) with the complex conjugated angular parts of another possible different
decay amplitude. On a basic level this integration can be decomposed into sums over
products of two expressions of the type:

Koy = / (—i) i~ (AP DI () Dl (@), 53)

with L, L' the multipole order of the contribution M, M’ the the transmitted angular mo-
mentum projection, and p,p’ the parameters that distinguish "magnetic" from "electric"
transitions. For symmetry reasons in the decay rate always both summands with K,,, and
K, , will appear.

It is well known, c.p. [35], that for different L, L’ the integral over the rotation matrices
vanishes. Likewise if L = L’ but p # p', Kung and its complex conjugate K7, = cancel each
other. Thus the angular integral of different multipole contributions vanishes. The induced
and original initial state have a different parity and their two-photon decay processes must
proceed by means of different multipole combination, e.g. E1E1 and E1M1. Thus the
interference terms between the decay of the original and the induced initial state vanish,
c.p. [12]. The energy distribution therefore only consists of an unperturbed and an induced

quadratic part.

For future discussions it is at this point useful to introduce a natural scale for the energy
of the photons. Such as scale is (for example) given by the amount of the total transition
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energy x that is emitted by one of the photons, the continuous so-called energy sharing of

the photons:
!

By means of this energy sharing the energy-differential decay rate is:

dW a%wlwg E;, — Ey) 2 d di

aw M ME = 2 )\ pind ppin } . 5.5

dz 2m(2J; + 1) > Z[ s g fir M (5.5)
M;, My X1,)\2

Additional to these differential rates I also consider total two-photon decay rates. These
rates are essential to estimate the feasibility of experimental schemes employing external
fields [3]. They can be evaluated by further integrating Eq. (5.5) over all possible energy
sharings x:

booadw
W2ph = 1/2/0 d]}ﬂ (5.6)

In these calculations I included the exchange symmetry of the photons by means of the
prefactor 1/2.

The dressed total two-photon decay rate has a similar structure as the energy distribution. As
in this total decay rate similarly to Eq. (5.5) only the absolute value of the mixing parameter
7 plays a role, it is very convenient for the interpretation to replace this parameter with
the critical field strength F,,,, = 1/ |n| I defined in Eq. (3.54). This critical field strength
provides a natural scale for the field strength that can be used in the interpretation of the
results.

F m

Wi = Wapn, + 73 ——Wind, (5.7)
max

The dressed two-photon rate consists of the original undisturbed two-photon rate Wy,

enhanced by an induced two-photon rate W. md ¢ (weighted by the strength of the external

electric field).

It is evident from Eq. (5.7) that this total rate has two major limitations (not considered
in [12]): On the one hand, I assumed in chapter 3 that the mixing parameter is small
(F/Fpnaz) < 1 and we do not need to take any steps to assure the normalization of the
perturbed initial state. Especially if F'/F,,,.. — 1, i.e. if our perturbative approach breaks

down, we would need to include a normalization constant N = Thus for near

1
14+(F/Fmax)?*
critical field strengths the total value of dressed two-photon decay rates will depart from its
true value. As we are not very interested in precise values of these rates this normalization

problem will not be further discussed.

On the other hand, if we want to have a meaningful discussion of the lifetimes of H- and
He-like states in an external electric field, we can not limit ourselves to two-photon decay.
For most states decay rates from single photon decay of excited states W1, are at least
comparable if not much larger than the two-photon rates. In fact, two-photon decay can
usually only be observed for so-called metastable states, i.e. if the leading order single
photon decay is not possible due to exchange rules. We can easily extend our model (5.7) to
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5.1.3

include the single photon decay of the original (W;,;) and induced (ng,f) next neighbor
state:

F N\ :

W' = (Wipn + Wopn) + | 77— ) (Wiph + Wapi). (5.8)
F’V?L(ll‘ P P

With such a model the role of different decay channels of excited ions in an electric field can

be estimated much more realistically.

Electric field strengths and laser intensities

I was originally motivated to study two-photon decay under the influence of an external
electric field by the desire to determine the feasibility of experimental schemata employing
strong lasers. To be able to test such a feasibility it is useful in the discussion to know how
the peak electric field strength and the intensity of a laser are related. As I will discuss both
field strength as well as intensities in units that are easily understandable, in this paragraph
SI units will be used.

The intensity I of a laser can be evaluated from the energy density w of the electromagnetic
field:
I = we, 5.9

with ¢ the speed of light.

For a plane wave such an energy density has been shown to be (c.p. Chapter 7 in [64]):

€0F2

w = 9 5

(5.10)

with ¢q the electric field constant.
By combining the last two equations the following relation between the peak field strength
and the intensity of the laser can be found:

F2
I= %7, (5.11)
0

with po the magnetic field constant.

This equation can be used to define a critical intensity I,,,,, corresponding to a peak critical

field strength Fiq.:
2
s = 1 |2 Fmaz (5.12)
po 2

Results and discussion

I begin the analysis on two-photon decay in external electric fields by clarifying the initial
conditions of the system. In this analysis I concentrate on two-photon decay of excited states
to the ground state. As a first step the initial conditions of the unperturbed systems need
to be specified. To avoid dealing with complications like cascades of transitions, I select
suitable initial states in which the excited electron has a principal quantum number of n = 2.

5.1 Perturbation of two-photon decay of H- and He-like ions by static electric fields

49



50

21p,: E=28959eV
23P,: E=29033eV

=

21S,: E=33289eV 23P,: E=33291eV

23P,: E=33401eV

23S,: E=33543eV

Fig. 5.3: Energies of the N=2 levels in Ut according to [33].

Specifically, I consider for H-like ions as a toy model the 2s; /5 — 15/, and 2p;/, — 1512
two-photon transition, like in [12]. In He-like ions I choose the experimentally relevant
decay of the metastable 2!S, and 23 P, states, c.p. [3].

The effect of the external electric field is included by Stark mixing of the initial states with its
so-called next neighbor state. This next neighbor state is the state with the smallest energy
difference to the initial state that fulfills the conditions in Eq. (5.1). For H-like ions these
states are easily found to be the 2p, , state for an initial 2s, /, state and vice versa. On the
other hand, for He-like ions the situation is not directly evident. To select suitable next
neighbor states I show in Fig. 5.3 precise results for the energy levels of all N = 2 states
in U?°* by Artemyev [33]. From the figure and the conditions in Eq. (5.1) we see that the
main mixing contribution for an initial 25, state arises from the 23 P, state and similarly for
an initial 23 P, state arises from the 235, state. In a similar way I can show that the same
states also dominate the contributions in lighter ions.

With these clarifications it is now possible to determine the critical field strength that is
needed to evaluate the decay rates in the electric field. I used Eq. (3.54) with level differences
from [30, 33, 38] and lifetimes both directly from [59, 65] for the decay of excited He-like
ions and evaluated with the Dirac package [66] for H-like ions, to determine the critical
field strength F),,.. For the upcoming discussion I also include the critical intensity via Eq.
(5.12). In table 5.1 I compiled these critical field strengths and intensities for the mixing of
all considered initial states with the next relevant neighbor state for neutral hydrogen and
U+, as examples for H-like ions and in Xe®?* and Ut as examples for heavy He-like
ions. Previous to my research most of these critical field strengths were not published. A
comparison was only possible for neutral hydrogen where I found a good agreement with
the value of F,,.. = 475V /cm from the non-relativistic calculations [67].

In table 5.1 we see that in general for heavier ions the critical field strength and the intensity
become larger. Their detailed Z-dependence is complicated, especially for He-like ions, and
depends both on the lifetime of the states but also on all effects that influence the energy
difference between the initial state with its next neighbor such as the Lamb shift or, in the
case of He-like ions, electron-electron interactions.
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Ion/atom Foraz Imaz

Stark mixing of 2s, /, and 2p, /, states (H-like ions)
Hydrogen 478V /em 303W/em?
U 9.72.101V/em  1.25-102'W/cm?
Stark mixing of 2!S, and 23 P; states (He-like ions)
XeP?t  3.35-101%/em  1.49-10W/cm?
Ut 8.71-101V/em  1.01-102'W/cm?
Stark mixing of 23 Py and 235, states (He-like ions)

Xe??t 517-101V/em 355 - 10°W/cm?
U2t 3.15-102V/em  1.32-10%2W/cm?

Tab. 5.1: Critical field strengths and intensities for Stark mixing of the 2s,,, and 2p,
states in different H-like ions and the 2'.S, and 23 P, as well as the 23 P, and the
236, states in different He-like ions.

An examination of the numerical values of the critical intensities shows that even for H-like or
He-like uranium such intensities are well within reach of modern high power laser facilities.
They are in fact of the same order of magnitude of the fields that would be required in the
proposed two-photon absorption schemata, c.p. [3]. It is therefore essential to study the
effect of such fields on the decay properties of the excited state to decide on the feasibility of
such ideas.

Total decay rates of perturbed H- and He-like states

As a first step to examine the decay properties of two-photon decay in an external electric
field the total two-photon decay rates are discussed. To determine the rates I first numerically
approximate the reduced two-photon absorption matrix elements (4.26) and (4.32) with the
Mathematica computer algebra system. Here I introduced for the calculation of two-photon
decay in He-like ions effective charges to include some effects of the electron-electron
interaction as I mentioned in chapter 2. For X¢e”?" an effective charge of Z.;; = 53.333 and
for U?°* a charge of Z, £f = 91.208 was used. The reduced elements are used in Eq. (4.1)
to determine the all-multipole two-photon decay amplitudes. We found out that for practical
purposes it is sufficient to consider only the multipole contributions up L = 3. For H-like
ions I used the total decay rates from [12] that were evaluated in a similar way. By means of
the definition of the differential decay rate (5.5) I used these amplitudes to determine the
total decay rate (5.7).

In table 5.2 I present my results for the total two-photon decay rates of different excited
states in the presence of an external electric field. From table 5.2 it can be seen that for field
strengths, for which the theoretical approach of this work can be applied, i.e. for F' < F},,4.,
the two-photon decay rate is only noticeably affected by the electric field if the decay rate
of the two-photon decay of the next neighbor state has at least a similar size as the decay
rate of the unperturbed system. For example, in the currently used model, as it was shown
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Wéph = Waopn + (F/Fmaﬂc)Q ) Wﬁgf?

Transition Hydrogen Ut
Wopn[s™]  Wapills™] Wopnls™1]  Wind[s™1]
25172 — 1sq 8.229 1.629 - 1075 3.836-10'2  6.255- 100
2019 — 1s1,9  1.629-107° 8.229 6.255 - 1010 3.836 - 102
X€52+ U90+
Wopn[s™] Wynils™!] Wopn[s™1]  Winils™!]
215y — 115y 3.45-101 3.98 108 7.23-10"2  2.48-10'°
2Py — 118y 7.09-106 3.50 - 108 5.29-10°  4.50-10%

Tab. 5.2: Two-photon decay rate of specific excited states of H-like and He-like ions in an
electric field, c.p. Eq. (5.7). The transitions are sorted by their zero-field decay
channels and the F,,,, can be found in table 5.1.

in [12], there is no noticeable effect of the electric field on the 2s,,, — 15/, two-photon y
rate.

The decay rate of the induced transition channel is larger and we see an effect if the original
unperturbed initial state has a negative parity. If it has a positive parity, the induced rate
is smaller and plays only a minor role. To understand this behavior we remember that in
the preceeding section we found that the next neighbors that intermix with the initial states
have opposite parities, e.g. P states have S states as next neighbors. Thus for initial states
with an even parity there is an induced parity-odd next neighbor and vice versa. Due to
the parity conservation in two-photon processes (c.p. Eq. (3.44)), two-photon transitions
of parity-odd states into the ground state do not have a E1E1 multipole contribution, that
is dominating e.g. 2s;/5 — 1s; /o two-photon decay. In leading order they are determined
by the E1IM1 and E1E2 multipole contributions and therefore, as mentioned in chapter 3,
their rate is smaller by a factor (Zas)? in comparison to the decay rates of states with even
parity (and an initial total angular momentum of J; < 2). We can therefore expect to see
the largest effect of the electric field in the 2P, — 1S, two-photon transition in He-like
ions (although in the 235; — 115, decay a spin flip is required thus the E1E1 contribution
is suppressed) and in the 2p, ;, — 15/, decay in H-like ions. Furthermore, for high-Z ions
some effects of the electric fields will also be visible for the 2! Sy, — 1S, process.

Up till now we discussed the effect of external electric fields on two-photon decay rates under
the assumption that only such two-photon transitions are possible. In real physical systems
other transition processes such as single photon decay are very important and in fact often
dominate the lifetimes of specific states. To get a feeling for the different processes in Fig.
5.4 1 compiled single- and two-photon decay rates for the relevant initial states for different
isoelectric ions from [59, 65, 68] for He-like ions and for H-like ions from [9] combined
with single photon decay rates evaluated by means of the DIRAC Package in Mathematica
[66]. For comparison my results are added (as crosses) in the figure.

We see from Fig. 5.4 that my two-photon rates are in general in very good agreement with

the literature. In the transition rates for the 2Py — 115, two-photon decay (dashed line
right graph) there are differences between my and Savukovs [59] results. These differences
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Fig. 5.4: Comparison of single- and two-photon decay rates for different initial states in
H-and He-like ions. On the left panel single photon decay rates (DIRAC [66]) are
compared to the two-photon 2s, /5 — 15/, decay rates by [9] and 2p; /» — 1512
two-photon decay rates interpolated from the decay rate for hydrogen from [6]
(Z8-scaling comparable to rates in [59]). In the center panel I compare single
photon decay of 23 P, state from [65] with two-photon decay of the 2! S, from
Derevianko [68] and two-photon decay of the 23 P; state based on our calculation
for Z=54 (interpolated using Z® scaling). On the right panel finally I compare
two-photon decay rates of the decay of 23 P, state [59] (only E1M1) and 235, [68]
with single photon decay of 23S; from [65]. Additionally my values are added as
black crosses for comparison.

arise from the fact that, in contrast to my calculations, he only included one (E1E2) of
the two dominant (E1E2+E1M1) multipole contributions. Furthermore, it is evident that
for most initial states the single photon processes have much higher rates and dominate
the lifetime of the state. Realistic decay rates in an electric field must therefore consider
both the one- and two-photon decay like in Eq. (5.8). In table 5.3 the constituent original
and induced single and two-photon decay rates are collected. The single photon decay
rates are taken from [65] for He-like states and calculated with the Dirac package [66] for
H-like states. For simplicity other radiative or non-radiative transition processes, such as the
hyperfine induced decay of the 23 P, state, c.p. [59], are not included.

With Eq. (5.8) table 5.3 shows that if single photon decay plays a role, the decay rate and
thus the lifetime of the perturbed state is predominantly determined by it. For field strengths
F =~ F,,,. this leads to a very short lifetime of states of the ion that are metastable in the
absence of a field. Experimental approaches that irradiate excited metastable states with
lasers near the critical intensity c.p. [3, 11] are therefore not feasible as such laser fields will
lead to an immediate Stark induced depopulation of the initial state. Furthermore, for all
practical purposes the consequences of Stark mixing on two-photon decay is not observable.
Nevertheless, we can use this process as a toy model to further study the effect of external
perturbation on two-photon processes.
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Ion/atom  Wipn[s™!]  Wopp[s™1] Windls=]  Wind[s™!]

28175 — 1y, transition

Hydrogen 2.50-107° 8.229 6.27-10%  1.629-107°
U9t 1.95-10'%  3.84-10'2 4.73-10'  6.26-10'0
2p1 /2 — sy, transition
Hydrogen 6.27-10% 1.63-107° 2.50-107° 8.229
Ut 4.73.10'  6.26-10'° 1.95-10  3.84-10'2
215y — 115, transition
Xed2t — 3.45 - 1011 2.88-10%  3.98-10%
U9+ - 7.23-10'2 2.94-10%  2.48.10%

23 Py — 115, transition

Xe52 — 7.09 - 109 3.22-10  3.50-108
U0+ — 5.29 - 10 7.89-10%  4.50-101°

Tab. 5.3: Constituent original and induced single and two-photon decay rates for the total
decay rate (5.8) in an electric field. The two-photon rates for He-like ions (X e2*
and U?°") are taken from my calculation and for H-like ions (Hydrogen and U°'*)
from [12]. Single photon decay rates are evaluated using the DIRAC package for
decay in H-like ions and interpolated from Lins [65] values (with Z* dependence
for the 23 P, — 115y(E1) and Z2 dependence for the 23S, — 11.5,(M1) decay) for
transitions in He-like ions. The transitions are sorted by the original unperturbed
decay process at F' = 0.

Energy distributions

A commonly studied quantity of two-photon decay is the continuous spectral distribution of
the emitted photons. In unperturbed systems it has been discussed in detail in the literature,
e.g. [69]. I will here only analyze the effect of electric fields on these distributions. For
two-photon decay in an electric field such an energy distribution is determined by Eq. (5.5)
and can be evaluated by means of the same two-photon decay amplitudes we used in the
preceding section.

According to Eq. (5.5) the perturbed distribution can be understood as a weighted overlap
of the energy distributions from the original and the induced decay channel. Thus if the
shapes of the original and induced energy differential decay rates differ, we can observe
that in an electric field the appearance of the spectral distribution becomes field dependent.
As an example I show in Fig. 5.5 the energy distribution of the 2p; , — 1s, /5 two-photon
decay in electric fields, based on the transition amplitudes from [12]. The general behavior
of these energy distributions were discussed in [12]. In this text also a good agreement with
different literature values [6, 9] was found.

As I showed in [12] for rising field strengths we observe a slow transition from the shape of
the original transition to the shape of induced transition. This transition happens at field
strengths for which the original and the induced two-photon rates are comparable, i.e. for
Wapn =~ (F/ Fmaz)QWg'}é‘fl. The type of this deformation is entirely determined by the shape

Chapter 5 Two-photon decay in strong laser fields



Hydrogen U
T I T I T I T I T T I T I T I T I T
1.5 —
TS
sl )\
i A5 < ]
k” \>
IR | N
& K “\
B “ .
< /:'I \\
3 o "
T M -
z i v
"’ — Zpp sy, “1'
oslif |- F=0.0016F 0
i | F=0003F, )
5"' = 2518y, %_
[
0 1 l 1 l 1 l 1 l 1

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
energy sharing x energy sharing x

Fig. 5.5: Spectral distribution for 2p; » — 1s; /> two-photon decay of hydrogen and U?**
in an electric field. The field strengths F's is given in terms of the critical field
strength F},,,.. (c.p. table 5.1). The energy distributions are normalized to the total
decay rate. For comparison the energy distributions of the original and induced
two-photon decay channels are shown.

of the original and induced spectral distribution. For example, we observe in Fig. 5.5 that
in the decay of neutral hydrogen strong electric fields make the angular shape flatter. On
the other hand, in the decay of U°'*, due to different Z-scaling of the higher multipole
contributions in the original and induced two-photon transitions, for strong fields the shape
becomes more pointy.

In He-like ions the difference between the spectral distribution of two-photon decay of the
original and the induced next neighbor state can be more prominent and thus the effect
of the electric field on the shape can be much more pronounced. As an example I show in
Fig. 5.6 the energy distribution of a 23P; — 115, two-photon decay in He-like uranium
in the presence of an electric field . In this process the spectral distribution of the original
transition (solid line) has its maximum for equal energy sharing. However, the distribution
of the induced 235; — 11, two-photon decay has a maximum for uneven energy sharing,
i.e. at z = 0.05 and x = 0.95. Strong electric fields have therefore a quite drastic effect on
the shape of the energy distribution of the emitted photons.

Even though such changes of the spectral distribution are well visible, the required strong
perturbations limit the usefulness of this effect. However, studying the energy distribution
does allow to select regions of the energy sharing in which the other decay properties such
as the angular correlation of the emitted photons are most strongly affected by the external
influence.

5.1 Perturbation of two-photon decay of H- and He-like ions by static electric fields
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Fig. 5.6: Energy distribution of the emitted photons for a 23 Py — 115, two-photon decay
of U+ in an electric field for different electric field strengths F' in units of the
critical field strength F,, ., cp. table 5.1.

Angular correlation and its dependence on the direction of the electric field

Apart from the total decay rate and the spectral distribution of the emitted photons it is
nowadays possible to measure the two emitted photons in coincidence. Such measurements
allow to study e.g. the dependence of the decay rate on the angle between emitted photons
with a specific energy sharing x. Like in the case of the energy distribution of the emitted
photons this so-called angular correlation has been studied in detail for unperturbed ions [4,
69] and I will only show the effect of the external field. To evaluate the angular correlation
for two-photon transitions in electric fields we employ Eq. (5.2) and the newly evaluated
He-like transition amplitudes as well as the similar evaluated H-like transition amplitudes
from [12]. This angle-differential decay rate depends both on the angle between the emitted
photons as well as the direction of the electric field vector relative to these photons. I
study this dependence by considering the angular correlation of different two-photon decay
processes in an electric field in the different emission geometries we defined at the beginning
of this chapter.

As the first case in Fig. 5.7 the angular correlation for the two-photon 2p, /, — 1s;/, decay
in H-like ions in the presence of an electric field of the strength F' is shown. For this process
I found no dependence of the differential decay rate on the used geometry, i.e. on the
direction of the electric field. As I observed in [12] the angular correlation can be described,
similar to the energy distribution of the photons, as an overlap of the angular correlations
of the original 2p;/, — 1s;/, and the induced 2s;/, — 151/, two-photon process, which
have been discussed in detail in previous works e.g. [4]. The interference terms in Eq. (5.2)
apparently play no role. In this independence of the shape change of the angular correlation
on the direction of the emission geometry my relativistic results differ from non-relativistic
calculations [67]. These differences can be explained by the fact that in non-relativistic
2s — 1s and 2p — 1s transitions the total angular momenta of the intermixed initial states

Chapter 5 Two-photon decay in strong laser fields
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Fig. 5.7: Angle-differential decay rate for 2p,,, — 1s;/, two-photon decay in neutral
hydrogen (left panel) and U°'* (right panel) for equal energy sharing of the
photons in the presence of an electric field. The field strengths F' are given in units
of the critical field strengths F),.. (c.p. table 5.1). The angle differential decay
rate does not depend on the direction of the electric field. (I here abbreviate the
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Fig. 5.8: Angular correlation for the 23P; — 115 and 215, — 1S, two-photon decay of
Xe52F and U?°F in an external electric field. Both photons are emitted perpendic-
ular to the direction of the electric field and their energy sharing is = 1/4. The
electric field strength F' is given in units of the critical field which can be found in
table 5.1.

differ. Parts of a transition amplitude play a role that would in a relativistic approach
correspond to the decay of the 2ps, state. As seen in Fig. 5.7 visible changes of the shape of
the angular correlation happen at similar field strengths at which we also observed shape
changes in the spectral distributions.

Such a rather simple effect of the electric field only appears in the perturbed 2p, , — 1512
two-photon decay in H-like ions. More interesting phenomena can be seen in the angular
correlations of two-photon decay in He-like ions. As a baseline we consider in Fig. 5.8
the angular correlations for both the 23 P, — 115, and the 2! Sy — 1S, two-photon decay
processes in Xe®?T and U?°* for an energy sharing of the photons of z = 1/4 and electric
fields of different strengths which point perpendicular to the emission directions of the
photons. We see from the Fig. 5.8 that for strong fields the shape of the angular correlation
of the perturbed 23Py — 115, decay process changes drastically both for Xe52* as well
as for U%*. On the other hand, in the perturbed 2'S, — 1S process even in Ut only
minimal changes can be observed.

For He-like ions we observe that the effect of the electric field depends on the specific
emission geometry, i.e. on its direction with respect to the emitted photons. To study this
direction dependence in Fig. 5.9 the differential decay rate of both two-photon processes in
U9t is shown for different emission geometries. In the 2.5, — 115, process only the region
around the angle # ~ 90° is shown to improve the visibility of the effect of the external field.

Chapter 5 Two-photon decay in strong laser fields
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Fig. 5.9: Angular correlation for 215y — 1S, (left panel) and 23 P, — 1S, (right panel)
two-photon decay of U?°* in the electric field F for different emission geometries
and an energy sharing of the photons of x = 1/4. For a better visibility on the left
panel only the section around 6 = 90° is shown. The strength of the field F is
given in units of the critical field strength F,,,, of each ion c.p. table 5.1.

The different emission geometries can be used to distinguish the perturbative contributions
in Eq. 5.2. On the one hand there are interference terms in this equation that are linear in
the field strength F'. These contributions change their sign when we exchange F with —F,
i.e. when the direction of the electric field is inverted. By comparing the angular correlation
for parallel and antiparallel emission geometries in Fig. 5.9 we see that these interference
contributions play a role only for the perturbed 2* Sy — 115, two-photon decay where they
lead to a slight separation of the "parallel" and "antiparallel" curves of the differential decay
rates. For the perturbed 23P, — 1S, decay process the angular correlations in both the
parallel as well as the antiparallel geometry have the same shape with a minimum around
90°. Interference between the original and the induced two-photon decay channel seems to
plays no role for the angular correlation in this process.

On the other hand, due to the quadratic purely induced contribution of Eq. (5.2), the
differential decay rate of the 23 Py — 1S, process has a completely different angular shape
when both photons are emitted perpendicularly to the electric field or one photon is emitted
(anti-)parallel to it, i.e. for perpendicular and (anti-)parallel emission geometries. Instead
of the minimum at 6 ~ 90° in the (anti)-parallel case for a perpendicular geometry there
is a maximum at this angle. This dependence on the direction of the electric field arises
from the M; = M;™? condition for the projections of the total angular momenta of the initial
and induced next neighbor state in the Stark mixing coefficients (c.p. Eq. (5.2)). Due to
this condition, if we choose a quantization axis along the direction of the electric field, the
magnetic quantum number of the induced 235, state has to be 0. The two-photon decay of
the induced 23S; : M; = 0 state has therefore the angular correlation of the two-photon
decay of a so-called "aligned" state. Such angular correlations depend strongly on the specific
quantization axis, i.e. in our case on the direction of the electric field. This dependence

5.1 Perturbation of two-photon decay of H- and He-like ions by static electric fields
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explains the differences between the angular correlations of the 23 P, — 115, two-photon
transition for (anti-) parallel and perpendicular emission geometries. A similar but smaller
effect can also be seen in the 215, — 1S, process on the left side of Fig. 5.9.

Conclusion

The effect of external electric fields on spontaneous two-photon decay processes in H-like
and heavy He-like ions was studied. The perturbative effect of the field is included by means
of mixing the transition amplitude of the original unperturbed two-photon decay of a specific
initial state with the two-photon decay amplitude of a state of opposite parity with a small
energy difference to the initial state. The mixing coefficient between these contributions is
given in terms of a so-called critical field strength that reaches from a small 478V /cm for
mixing of the 2s; /, and the 2p, /, states in neutral hydrogen to fields that correspond to laser
intensities of the order of 102W/cm? in H- and He-like Uranium. For field strengths in the
order of magnitude of the critical field strength we observe changes of the two-photon decay
properties if the induced transition channel has at least a similar decay rate as the original
one.

If also the effects of single photon decay are included, we notice that for many original
and induced initial states the single photon transition actually dominates the decay process
of the ions in the electric field. For strong fields these single photon contributions lead to
diminishing lifetimes of the initial states. It is therefore not only difficult to observe the effect
of the electric field on the two-photon transition but also some experimental approaches [3,
11] turn out to be not feasible.

Nonetheless, we can use two-photon decay as a useful toy model to study the effects of
perturbation on two-photon processes. We find that for quantities that do not depend on
the emission angles of the photons, like the energy distributions of the emitted photons, the
perturbed system is an overlap of the original and the induced quantity, e.g. the original
and induced energy distribution. Differences in these quantities can thus only be seen when
e.g. the energy dependences of the two-photon decay of the original and next neighbor
state have different shapes. However, in the angular correlation of the emitted photons
such an overlap can only be seen for specific transition processes. Especially in two-photon
decay of He-like ions I additionally observed interference between the original and induced
two-photon decay channels. Furthermore, I found a dependence of the differential decay
rate on the direction of the electric field that arises from the fact that if the quantization
axis is parallel to the electric field the magnetic substates of the Stark induced "virtual" next
neighbor state are fixed by the magnetic substates of the original unperturbed initial state.
These leads to a possible virtual "alignment" of the induced next neighbor state that can be
seen in the angular correlation.

Chapter 5 Two-photon decay in strong laser fields
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Fig. 5.10: Schematic description of enhanced two-photon decay. The initial state |n;l;j;,m;)
decays into the final state |n;lsjfmy) by simultaneously emitting two photon,
one via induced transition (upper photons) and one via spontaneous transi-
tion (lower photon). This transition proceeds via the virtual intermediate state
|n,l,j,m,) . Here the n, 1, j, m are the quantum number for the bound states of
H-like ions from chapter 2.

5.2 Enhanced two-photon decay

5.2.1

Physics background and motivation

In the first part of this chapter I discussed the effect of static electric fields on two-photon
decay. Apart from such static field effects it is interesting to consider the impact of a dynamic
electromagnetic field on a two-photon transition process. For the single photon decay it
is well known that the transition rates of a decay process can be enhanced by external
radiation with a frequency that corresponds to the transition energy of the process. In
such an external field the incident photons induce the emission of photons with the same
properties. Similar phenomena can also affect the two-photon decay of excited states in
an external field. Incident photons with an arbitrary frequency can induce a two-photon
process known as singly stimulated or enhanced two-photon decay, c.p. Fig. 5.10. In
analogy to the spontaneous two-photon decay this process is a transition of the ion with a
simultaneous transmission of two-photons. However, in enhanced two-photon decay only
one of the photons is emitted spontaneously. The emission of the other photon is induced by
the incident radiation. The properties of this "induced" photon match precisely the properties
of the incident photons. Employing singly stimulated two-photon transitions in experiments
would therefore allow to control one of the photons in a two-photon process.

In the past enhanced two-photon decay was in light atoms or ions both in theory [13, 14,
57, 70] and experiment [71]. Also possible applications of the process e.g. in plasma physics
[72] were discussed. Recently enhanced two-photon decay of highly charged heavy ions
have attracted some attention. For example, in 1996 it was proposed by Dunford [11] to
use an experimental setup based on singly stimulated two-photon decay to measure PNC
violation in the low energy regime.

5.2 Enhanced two-photon decay
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In order to explore the possibilities for this setup and also of other potential applications
of enhanced two-photon decay, I performed a small relativistic study on the enhanced
two-photon decay process in different H-like ions. In particular I focused on a potential
measurement of the singly stimulated 2s; /, — 15/, decay process and the dependence of
such a possibility on the nuclear charge of the ion.

Theoretical description of enhanced two-photon decay

Enhanced two-photon decay is modeled in a very similar way as its spontaneous counterpart.
The initial state decays to the final state by simultaneously emitting a photon with the
energy w; in an induced process and a spontaneously emitted photon with the energy
wy = Ey — E; —w;. In a similar way as in the spontaneous two-photon decay these two
photons can be described by means of the so-called energy sharing of the induced photon:

w1

= ———G; .1
5o (5.13)

X

The enhanced two-photon decay process is determined by same two-photon decay amplitude
(4.3) as the spontaneous two-photon decay. In the evaluation of the enhanced (differential-)
decay rate, however, special care must be taken of the photon normalization prefactors (3.8)
of the decay operators Rﬂ? (kq 2) from the definition of the electron photon interaction
operator (3.9). These prefactors contain the factor \/ny + 1 that depends on the excitation
nyy of a specific eigenmode of the initial electromagnetic field, with the wave vector k and
the projection of the angular momentum of the mode on the propagation direction \. For
spontaneous decay we have ny,,, = 0 and this factor is 1. The additional ny)-dependent
part is the origin of the induced or enhanced transition. By including these factors into
the normalization constants the transition matrix elements from chapter 4 can be used in
combination with Fermi’s golden rule (3.45) to evaluate the differential decay rate of singly
induced two-photon decay. In these calculations the direction, polarization, and frequency of
one of the photons is determined by the incident electromagnetic wave (c.p. Fig. 5.10) and
the density of the final state dp; p,(w) (3.46) in Eq. (3.45) arises from the one spontaneously
emitted photon. Under the assumptions that the incident photons are unpolarized and
monochromatic, the magnetic substates of the excited initial state are equally occupied and
neither the polarization of the outgoing photons nor the state of the ion after the decay
process are measured, I average over the initial magnetic substates and sum over the final
magnetic substates and the possible helicities of the photons. The rate is:

AW — wy  a? Nk,
e~ S 33 =
mimys Ay Aa

with j; the total angular momentum of the initial state and ny), the occupation number
of the modes of the electromagnetic radiation before the enhanced decay process with
polarization A\; and a wave vector of k. (), defines the direction of the spontaneously
emitted photon. The decay amplitude My; is identical to the amplitude I used in the first
part of this chapter and can be evaluated by means of Eq. (4.3). At this point the large but
finite volume V' I introduced in the derivation of the electron-photon interaction operator
(3.9) is still present.

Usually both the abstract photon occupation ny, numbers as well as the abstract "large

Chapter 5 Two-photon decay in strong laser fields
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Fig. 5.11: Adopted geometry for a possible experiment on enhanced two-photon decay. The
spontaneously emitted photon is observed at an angle 6, with respect to the
direction of the incident and induced photons.

volume" V' are not known. However, these impractical quantities can be expressed in terms
of the more physical intensity of the incoming radiation I using Eq. (3.6). For unpolarized

aw WQ
o 2] +1 ST YN My (5.15)

mimyg Ay Ao

radiation we get:

To discuss the enhanced two-photon decay without knowing the intensity of the incident
light, it is useful to define a cross-section. Such a cross-section measures the number of
spontaneous photons emitted into a specific direction by an enhanced two-photon process
per unit of intensity of the incident beam. It is the quotient of the decay rate and the incident
photon number intensity (I /w;):

do aw Wi w2
— =275 Myi|*. 1
Qs  d% I w 2(23 +1) > D Ml (5.16)

mimyg A g

To compare enhanced two-photon decay with other decay processes not only such differential
decay rates and cross-sections are needed but also the total angular independent transition
rate. As we have seen in the first part of this chapter, such a total rate is obtained by an
integration of Eq. (5.15) over all angles of the spontaneous emitted photon 5.

Results and discussion

In an experimental study of enhanced two-photon decay excited ions would be irradiated
by a laser with a photon energy of w; and a fixed direction. These incident photons would
induce the emission of photons with the same energy, direction (and polarization) as the
laser. However, the second "spontaneous” photon would be emitted with a certain probability
in all directions. To block out the intensity of the laser, such spontaneously emitted photons
would therefore be measured at a certain angle 6, from the original beam. A schematic
description of the geometry is shown in Fig. 5.11. At such an angle the spectrum of the
emitted photons would be measured. On top of the well-known energy distribution of the
spontaneously emitted photons, c.p. e.g. Fig. 5.5, the enhanced two-photon decay would
become visible as an additional peak in the spectrum at an energy of wy = (1 — z)(Ef — E;).
A schematic illustration of such a spectrum is shown in Fig. 5.12.

5.2 Enhanced two-photon decay
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Fig. 5.12: .

Schematic illustration of the expected spectrum for an enhanced two-photon ex-
periment (black solid line) if there is a strong laser whose photons have energies
corresponding to an energy sharing of x = 0.1 (with some spectral width). For com-
parison a spectrum without enhanced two-photon decay is shown as a red dashed
line.

To examine such a setup I evaluate the cross-sections and decay rates for the 25,/ — 1s1/2
enhanced two-photon decay by means of the same numerical approximations for the two-
photon decay amplitudes I used in the first part of this chapter. As the first step in the analysis
of the enhanced two-photon decay process it is useful to know how the measuring angle
0, affects the cross-section of the process to determine acceptable geometries for such an
experiment. This angular dependence needs to be compared to an uniformly spontaneously
emitted spectrum as the ions are initially not oriented in our setup. To study this dependency
I show in Fig. 5.13 the differential cross-section of the singly stimulated 25,5 — 1512
two-photon transition in neutral hydrogen and U°* for an energy sharing of the induced
photon of z = 0.25. On the left side of the figure we see that in neutral hydrogen the
differential cross-section has a do/dQ2 ~ 1 + cos?(6) angular dependence. Such a behavior
is typical for two-photon transitions dominated by electric dipole contributions (c.p. e.g.
[4]) and is in perfect agreement with the previous non-relativistic results [13, 14, 57]. Thus
while it would be optimal to measure the emitted photons at an angle of §; = 180°, i.e.
in opposite direction to the propagation of the laser, even for the worst case of 5 = 90°
the cross-section would only be half of the optimal value. The angular distribution of the
spontaneously emitted photons arises from the same two-photon emission amplitudes that
determine the angular correlations of spontaneous decay. Thus like in the differential decay
rate of the spontaneous two-photon decay, we see on the right panel of Fig. 5.13 for heavy
highly charged ions like U°!* the higher multipole effects slightly break the symmetry in the
angular behavior of the differential cross-section. In a similar way a possible polarization
dependence of the cross-section would be the same as the polarization sensitivity of the
differential decay rate of the corresponding spontaneous two-photon decay process.

Chapter 5 Two-photon decay in strong laser fields
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Fig. 5.13: Differential cross-section for 2s, , — 15/, enhanced two-photon decay in neutral
hydrogen (left panel) and U%'* (right panel). Fully relativistic calculations
including all multipole contributions (black solid line) are compared with a
dipole-dipole approximation (red dashed line).

We furthermore observe in Fig. 5.13 that the absolute size of the cross-section does not
depend strongly on the nuclear charge of the participating ion. For U it is actually slightly
smaller than for neutral hydrogen. To understand this behavior we notice that for the same
energy sharing = the prefactor ws/w; is constant and any dependence of the enhanced
two-photon cross-section (5.16) on the nuclear charge Z of the ion can only arise from
the transition amplitudes. In 2s;/, — 1s; /o two-photon transitions these amplitudes are
dominated by the leading order E1E1 multipole contribution. The size of such dipole-dipole
amplitudes does not depend, in leading order, on the nuclear charge 7, neither does the
cross-section (see also chapter 6.2). The slight reduction of the cross-section in U°!* arises
from relativistic effects that lead to slightly smaller transition amplitudes for heavy targets in
the fully relativistic description when compared to a non-relativistic model; for spontaneous
two-photon decay such a behavior was observed e.g. by Goldman [9].

For a potential experiment it is not only important to know the dependence of the cross-
section on the emission angle and the nuclear charge of the target, but even more vital is its
energy dependence. In Fig. 5.14 I show such an energy dependence of the differential cross-
section in neutral hydrogen (black solid line) and U+ (black dashed line). To compare my
results with previous non-relativistic calculations by e.g. Heno [14] (red crosses), I consider
the cross-section for an angle of §; = 90° between the induced and spontaneously emitted
photons. As we can see from the black solid line and the red crosses in Fig. 5.14, these
previous calculations are in perfect agreement with my results for neutral hydrogen. All
graphs in Fig. 5.14 show a similar energy dependence of the differential cross-section. It
is enhanced if the induced photon carries a small share of the transition energy and more
and more suppressed for larger energy sharing x of the induced photon. Such an energy
dependence is in strong contrast to the energy shape of the spectral distribution of the
emitted photons in spontaneous two-photon decay, c.p. Fig. 5.5. This different behavior
arises mainly from the fact that for enhanced two-photon decay the phase space density
dp1pn, of the spontaneous transition becomes much smaller for smaller spontaneous photon

5.2 Enhanced two-photon decay
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Fig. 5.14: Energy dependence of the differential cross-section for 2s,,, — 1s; /o enhanced
two-photon decay at 6, = 90° in neutral hydrogen (black solid line) and U+
(black dashed line). The energy is given in terms of the energy sharing = of
the induced photon. For comparison the results of Heno [14] are included as
red crosses. Furthermore I compare the evaluated energy distributions with the
simple (1 — x)/x model derived from the prefactors of Eq. (5.16). This model is
normalized to the cross-section of hydrogen (blue dotted line) and U'* (blue
dashed dotted line) at z = 0.25.

energies while in spontaneous two-photon decay the size of the two-photon phase space
density is affected by the energies of both photons. The phase space contribution leads
to a wo/wy prefactor in the definition of the enhanced two-photon cross-section (5.16).
Because of the energy conservation, i.e. wy +ws = E; — Ey, for a hypothetical constant
transition amplitude, such a prefactor would lead to an energy dependence of the cross-
section of the form: do/dx ~ (1 — x)/x. A comparison of a simple model based on such an
energy dependence (blue dotted and dashed dotted line) with my results shows that for a
moderate energy sharing of the induced photon 0.2 < z < 0.8 this prefactor dominates the
energy dependence of the cross-section. This model is an especially good description for the
somewhat smaller cross-sections of enhanced two-photon decay in U+,

As I mentioned in the first part of this section, enhanced two-photon decay has been observed
experimentally in neutral hydrogen. To explore the possibility of measuring this process in
heavy highly-charged ions, we need to estimate the intensity of a laser required for such
an experiment. As a first naive approach I assume that in order to be able to see singly
stimulated two-photon decay its transition rate must be of the same order of magnitude
as other spontaneous processes that depopulate the initial excited 2s; /, state. I evaluate
the intensity required to achieve such a rate by comparing the total enhanced two-photon
decay rate (the integral of Eq. (5.15 over all angle of the spontaneously emitted photon)
with the spontaneous 2s;,, — 1s;/, two-photon decay rate from Goldman [9]. In table
5.4 the required intensities I are shown for different target ions. I here assume that the
incident light has a frequency corresponding to = = 1/4 of the transition energy of the ion.

Chapter 5 Two-photon decay in strong laser fields
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Hydrogen = Neot Fm%+
IW/em? 9.43-10° 9.47-10% 1.77-10%

Tab. 5.4: Intensities I for which the enhanced and spontaneous 2s;,5 — 15,5 two-photon
decay rates have the same size in different ions. The photons of the incident beam
have an energy of w; = 1/4(Ey — E;) and the spontaneous two-photon rates are
taken from [9]

The table shows that the required intensity I grows rapidly with the nuclear charge Z of
the decaying ion. As I found that the transition cross-section is only minimally affected by
changes in Z this I ~ Z® proportionally is purely caused by a similar increase of spontaneous
25172 — 1815 two-photon decay rate. While intensities (as in table 5.4) are easily accessible
for light ions, for heavy H-like ions the fields become extremely strong and would affect
the structure of the ions as shown in the first part of this chapter. A measurement would be
difficult.

Fortunately, methods to lower the very conservative estimate of the required intensity can be
imagined. On the one hand I showed that the enhanced two-photon cross-section strongly
depends on the frequency of the incident radiation. By lowering the frequency of the laser,

Ob
Oa

intensity becomes smaller by that factor. This method is limited by the fact that in the limit
of z — 0 the enhanced two-photon process becomes a Stark induced single photon decay as
we discussed in the first part of this chapter.

e.g. from x, = 1/4 to z;, = 1/40, the cross-section increases by Z¢ ~ 10 and the required

On the other hand, in a realistic experimental setup the enhanced two-photon decay process
would be observed by measuring the spectrum of the combined spontaneous and enhanced
two-photon decay. In such a spectrum the spontaneous photon of the singly stimulated
transition would be visible as a resonance at an energy sharing of (1 — z), c.p. Fig. 5.12. In
such experiments a laser intensity would be sufficient at which the enhanced two-photon
decay rate would be comparable to the spontaneous decay rate in that spectral region. With
an adequate control of the frequency of the incident laser and a sufficient spectral resolution
of the detectors in this approach it might be possible to lower the required intensity by 3 — 5
orders of magnitude and make a measurement of enhanced two-photon decay in mid-Z
H-like ions theoretically feasible with near term x-ray sources. However, to my knowledge
there are currently no plans for a facility that would combine such high quality x-ray sources
with the ability to create and store enough excited highly charged heavy ions. Such efforts
would be further obstructed by the short lifetime of the 2s, 5 state in highly charged ions.
For high-Z ions additional to advances in experiments a more detailed theoretical analysis of
side effects of the strong dynamic laser fields, as in the first part of this chapter, would be
necessary.

Conclusion

I studied the effect of dynamic electromagnetic fields (or in other words external radiation)
on the two-photon decay of H-like ions. In such fields an exotic two-photon process appears
in which the emission of one on the two photons is induced by the radiation. I examined
the properties of this so-called enhanced two-photon decay with a relativistic approach and

5.2 Enhanced two-photon decay
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explored a possible measurement. I found that the properties depending on the emission
angles (and the polarization) of the photons arise from the two-photon transition amplitude
and behave similarly as analogous properties in the spontaneous two-photon decay. As the
properties of one of the emitted photons is determined by the incident radiation, singly
stimulated two-photon decay offers thus the opportunity to control some parameters of the
two-photon decay process. To measure such a process we would look for an additional peak
in the spectrum of the measured photons of a two-photon decay that originates from the
spontaneously emitted photons of the induced process. For such experiments it is useful
to understand the angular and energy dependence of the so-called cross-section of the
process, i.e. the probability that an incident photon causes the "spontaneous" emission
of a photon in a certain direction. I found that the cross-section changes by the factor of
2 depending on the angle at which the spontaneously emitted photon is measured. The
energy dependence of this cross-section is even more pronounced and becomes larger for
smaller incident photon energies. Interestingly, the cross-section for such a singly stimulated
two-photon process depends only weakly on the nuclear charge of the participating ion.
However, in an experiment the competing spontaneous two-photon decay rate rises very
fast with the nuclear charge Z of the ion. Thus, even though an observation of enhanced
two-photon decay has been possible in neutral hydrogen [71] with the simple lasers of the
1970s, a measurement in mid - and high-Z H-like ions with high power x-ray lasers would
be challenging today. In theory, by observing the spectral distribution of two-photon decay
in a strong x-ray laser field, it might be possible to observe this effect in such heavy ions.
However for a practical realization it might be difficult to provide a facility that is able
to produce a sufficient number of ions in the required short-living state in a very strong
monochromatic x-ray field.

The photon scattering experiments I discuss in the next chapter offer a similar level of control

over the two-photon process, but only require H-like ions in the ground state and are thus
more easily experimentally accessible.

Chapter 5 Two-photon decay in strong laser fields



6.1

6.1.1

Scattering of photons by highly
charged heavy ions

Two-photon processes can be used to examine interesting but weak physical effects. For such
studies it is very useful if the properties of at least one of the photons of the two-photon
process can be externally determined. In the previous chapter it was shown that, while
external electromagnetic fields can be used to exert some control on two-photon transitions,
due to side effects of such fields and the short lifetimes of the excited states an experimental
realization may be difficult to accomplish.

The elastic or inelastic scattering of photons by atoms or ions can be theoretically described
by means of a similar second-order approach which allows to specify the properties of the
incident photon. However, these processes do not require a source of excited ions and
very strong radiation and are thus experimentally easier to access than e.g. enhanced
two-photon decay. To explore what kind of interesting effects can be measured in such
scattering processes, I present in the first part of this chapter results from a theoretical study
[55] on elastic Rayleigh scattering of polarized light by H-like heavy ions. This study was
performed by a collaboration to which I contributed as part of my doctorate research work.
Furthermore, I also consider in the second part of this chapter inelastic Raman scattering in
which energy is deposited in the target ion. In this part the results of a relativistic study on
inelastic Raman scattering by H-like ions [56] performed by me are presented.

Polarization transfer in elastic Rayleigh scattering

Physics background and motivation

Rayleigh scattering is the elastic scattering of photons by electrons bound in the field of
a nucleus. It has been studied extensively for both light and heavy atoms as targets [15,
16, 17, 18, 19, 20]. Recently, with the availability of polarized x-ray sources like PETRA III
and polarization sensitive x-ray detectors, the dependence of the elastic cross-sections on
the polarization of the photons has attracted special attention. Previous to our study the
topic of a polarization dependence of the elastic cross-section had mostly been examined
for scattering by light neutral atoms e.g. [21]. We extended the research on this topic to
highly charged heavy ions and analyzed such a polarization sensitivity for elastic Rayleigh
scattering on the ground state electrons of heavy H-like ions. In this study we used the
relativistic approach introduced in chapter 3 and 4. Special attention was payed to the linear
polarization of the scattered photon for a linear polarized incident radiation.
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Fig. 6.1: Schematic description of elastic Rayleigh scattering. The scattering process pro-
ceeds by the absorption and emission of a photon via a virtual intermediate state
|nulyjomy) . The initial bound state |n;l;j;m;) = |nyjlymy) is not (energetically)
changed in this process. The n, [, j, m are the quantum number for bound states of
H-like ions, c.p. chapter 2.

Theoretical description of Rayleigh scattering of linear
polarized photons

Elastic scattering of photons by atoms or ions can be theoretically described, like two-photon
decay, by means of second-order perturbation theory. Such a scattering process consists of a
simultaneous absorption and emission of photons with the same frequency, c.p. Fig. 6.1. As I
discussed in chapter 3 and 4, it can be modeled by means of a scattering amplitude. However,
with the transition amplitude (4.15) it is only possible to describe circular polarized photons.
To be able to study the linear polarization e, of photons for incident ¢; linear polarized light,
we need to include the polarization expansion parameters ¢ that were introduced in Eq.
(3.17) and Eq. (3.18). With these parameters and the scattering amplitude (4.15) we can
construct a scattering amplitude for linear polarized photons:

M;Z_Cl,lmem‘ _ Z 6?165\2 *MSZ(}’ (6.1)

Such a scattering amplitude and Fermi’s golden rule (3.45) allows us to define a scattering
rate for a well-defined incident radiation. In analogy to the derivation of the cross-section
for the enhanced two-photon decay (5.16), we carefully consider the /ni prefactor of the
absorption operator and the abstract volume V. By introducing an intensity of the incident
beam and by dividing the transition rate by the photon number intensity we can define the
cross-section for the elastic scattering process. Similar to our derivation of the enhanced
two-photon decay cross-section, the propagation direction of the incident photon is fixed
and the state density in Eq. (3.45) is the density for a spontaneous emission of a single
photon (3.46). In contrast to the enhanced two-photon decay, in elastic scattering both the
incident as well as the scattered photon have the same energy and the wy/w; prefactor does

Chapter 6 Scattering of photons by highly charged heavy ions



Fig. 6.2: Employed geometry for elastic scattering of a polarized photon by an ion.

not appear. Thus the angle-differential cross-section for elastic scattering of photons with
the polarization €; into a photon state with polarization €, is given by:

2

ST ererrMysl (6.2)
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with M7 the scattering amplitude (4.15) for circular polarized photons with the same initial
and final state, j; = 1/2 the total angular momentum of the initial (ground) state, and 2 the
direction of propagation of the scattered photon.

In this representation the cross-section depends both on the polarizations of the incident and
scattered photons as well as on their scattering angle. On top of such polarization sensitive
cross-sections also elastic cross-sections are needed that do not depend on the polarization of
the scattered photons. Such cross-sections are evaluated by summing over a set of orthogonal
final polarizations. Also we need to consider cross-sections when the incident radiation is
not completely polarized. In this case a weighed sum of the cross-sections for orthogonal
incident polarizations must be evaluated.

Geometry and Stokes parameters

Here we examine the linear polarization of the incident and scattered photons in an elastic
scattering process. For a meaningful discussion of such polarization the setup of the elastic
scattering problem must be carefully defined. Our setup is shown Fig. 6.2. Photons with
the linear polarization €; are scattered by the angle . The scattering plane is tilted by the
angle §; with respect to the polarization of the incident photon. The polarization of the
scattered photon e; is measured by means of a detector which is sensitive to polarizations
tilted with respect to the scattering plane by the angle d5. As an example it is very convenient
to define two specific polarization directions: for an angle d; = 0° or 6; = 0°, i.e. when
the polarization vector lies in the scattering plane, we talk about coplanar or x-polarized
photons. Photons with a polarization vector perpendicular to this plane, i.e. d2 = 90° or
91 = 90°, are called y-polarized.

To characterize the polarization of the scattered photons it is useful to introduce the well-
known Stokes parameters [35]. These Stokes parameters are a set of numbers (—1 < P; < 1)

6.1 Polarization transfer in elastic Rayleigh scattering
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that completely define the polarization of an ensemble of photons. They consist of two
parameters that describe the linear polarization with respect to the scattering plane and 45°
tilted to it

Wy — W
P =——" (6.3)
Wy + Wy
Wq50 — W135°
Py=——" (6.4)
Wqse + W1350
and one parameter that describes circular polarization
w —w_
py= 11 (6.5)
Wy + W1

Here w4 450 1350 are the probabilities to measure a photon with a detector only sensitive to
a specific linear polarization, e.g. d2 = 45°, or a specific circular polarization wy;. These
parameters also allow to define a degree of polarization P = /P2 + P + P? < 1and a
degree of linear P, = \/P? + Py polarization.

In the context of x-ray scattering on highly-charged ions an experimental determination of a
degree of circular polarization of the scattered photon is not practical. Therefore in this thesis
I only consider the linear polarization of the scattered photons, i.e. the Stokes parameters
Py and P,. For a photon scattering process these Stokes parameters are determined by
cross-sections for elastic scattering into suitable polarized photon states. They are given by:

do _ do
dQl5,=0°  dQ65=90°
P = 7 92=0 92=90 , (6.6)
do 4 do
dQ 5,=0° T dQ §3=90°
and
do _ do
dQ5,=45°  d255=135°
P = 2720 2 ) 6.7)

do 4 do
dQ15y=45° T dQ§,=135°

Non-relativistic approximation of Rayleigh scattering

In the results of our study relativistic and higher multipole effects have a major influence
on the polarization of the scattered photons. For comparison it is therefore useful to define
a simple non-relativistic dipole model as a baseline. The non-relativistic dependence of
the elastic cross-section on the propagation direction and polarization of the incident and
scattered radiation was worked out a long time ago in an approach based on classical
electrodynamics. In this approach it is assumed that the polarized radiation induces an
oscillating electric dipole in the target and the scattered light is the classical electromagnetic
far field radiation of this dipole [64]. The results of this classic approach have be proven
to remain valid also in a non-relativistic quantum mechanical dipole model [22, 44, 73].
Within these simple dipole models the angular and polarization dependence of the elastic
cross-section can be written as, c.p. chapter 10 in [64]:

do

=5 ™ lerea]?. (6.8)
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Here the polarization vectors €; » of the incident and scattered photon are defined with
respect to some common coordinate system. They specify both the dependence on the
polarization of the photons as well as the angle between them.

By including explicit polarization vectors into this equation a non-relativistic (classical)
baseline for the angular dependence of the Stokes parameters of the scattered photons
can be determined. In the employed geometry we defined in the preceding paragraph, a
non-relativistic approximation of the Stokes parameters is given by:

—sin? 61 + cos? §; cos? 6

P o= , 6.9
1 sin? &1 + cos2 §; cos2 6 (6.9)

and 2 sin 61 cos &y cos 0
sin §; cos d1 cos
PV = . 6.10
2 sin? &1 + cos2 §; cos2 6 ( )

The non-relativistic model allows us to define the expected angular behavior of the Stokes
parameters. For example, we see from Eq. (6.9) and (6.10) that for coplanar polarization
of the incident photons we have P, = 1, i.e. the scattered photons are also fully polarized
within the scattering plane. Small tilts of the incident polarization however can lead to a
drop in the polarization of the scattered photon near § = 90°. For coplanar or y-polarized
incident radiation the parameter P, = 0 vanishes for all angles, i.e. there is no preference
of the do = 45° polarization over the J, = 135° polarization. In contrast to this scattering
of photons with a polarization in the scattering plane for intermediate tilt angles J; both
P, and P, show a distinct dependence on the scattering angle 6. I now compare these
non-relativistic results with our relativistic calculations.

Results and discussion

To begin the analysis of the angular dependence of the polarization of the scattered photons,
numerical approximations for the scattering cross-sections were evaluated. These cross-
sections are determined by means of reduced matrix elements for two-photon absorption that
were evaluated by Vladimir Yerokhin, a member of the collaboration, using his advanced
Greens function approach. With these reduced matrix elements Eq. (4.3) was used to
determine the scattering amplitudes. Finally, these amplitudes were used to determine
the cross-sections using Eq. (6.2). Precise numerical approximations for the scattering of
photons with an energy of 1.1E;,,, 5E;,, and 10E;,,, by ground state electrons in Ne“,
Xe?t and U?'F were evaluated. Here I introduced the ionization energy of the ground
state F,,, of the target ion as a natural energy scale for the photons. We have for Ne?+
Eipn ~ 1.36keV, for Xe>3t+ E;,,, ~ 41.35keV, and for U1t E,,,, ~ 132.29keV . Reasonable
results required, especially at high photon energies and heavy targets ions, to include all
multipole contributions up to L = 10.

6.1 Polarization transfer in elastic Rayleigh scattering
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Fig. 6.3: Angular distribution of elastically scattered photons for polarized incident radiation
with photon energies of 1.1 - E;,,, (black solid lines), 5 - E;,,, (red dashed line) and
10 - E;, (blue dotted lines) and different tilt angles §; between the polarization
of the incident photons and the scattering plane (columns) as well as different
targets (rows).

Angular distribution of the scattered photons

As a first step in the examination of polarization related effects in Rayleigh scattering the
angular-differential cross-sections for elastic scattering of polarized photons is considered. I
show in Fig. 6.3 these cross-sections for incident polarized photons. Results are presented for
scattering of photons with an energy of 1.1 - E;,, (black solid line), 5 - E;,,, (red dashed line),
and 10 - E;,, (blue dotted line) by Ne®* (top row), Xe®3**t (middle row), and U”'* (bottom
row). Furthermore, the graph shows in its columns calculations for incident photons with
linear polarizations tilted by different angles §;, namely for a polarization in the scattering
plane §; = 0°, perpendicular to it §; = 90°, and in the middle of these two extremes §; = 45°.
In Fig. 6.3 we see that for low incident photon energies and light targets (top row black
solid line) the angular behavior of the differential cross-section is well described by the
non-relativistic dipole model (6.8) that was derived in the previous section. Specifically
we see, as this simple model predicts, that for the polarization tilt angle §; = 0° the
angular distributions has a do/dQ) ~ cos? § angular dependence, for §; = 45° it has a
do/dQ ~ 1+ cos? § dependence, and for §; = 90° the cross-section does not depend on the
scattering angle 6.

For higher energies of the scattering photon and heavier targets relativistic and higher
multipole effects become important. As an example we observe in the lower right panels
of Fig. 6.3 that due to these effects at low energies the cross-section for §; = 0° coplanar
scattered photons does no longer vanish at a scattering angle of § = 90°.

Chapter 6 Scattering of photons by highly charged heavy ions



For higher photon energies even more drastic changes in the shape of the angular distribution
can be seen. The angular shapes become asymmetric as the scattering for low angles is
enhanced and backscattering is suppressed. If the photons have a very high energy, especially
if they are scattered by heavy highly-charged ions, the differential cross-section is dominated
by this higher multipole effects and the minima at # = 90° of the non-relativistic model
become invisible.

The observed dependence of the angular distribution on the energy of the scattered photons
is in good agreement with the results of previous works [15, 16, 17, 18, 19].

I now use the observations of the angular behavior of these cross-section as a basis to discuss
the angular behavior of the polarization of the scattered photons.

Polarization correlations in Rayleigh scattering

Modern experiments can not only measure the angular distribution of scattered photons,
but also correlations between the polarization of the incident and scattered photons. In this
work these correlations are examined by studying the angular dependence of the P, and P,
Stokes parameters of the scattered photons for different linear polarization directions of the
incident photons.

To understand the behavior of these Stokes parameters I consider, as a baseline, elastic
scattering by light ions. Fig. 6.4 shows the P;(top row) and P»(bottom row) Stokes
parameters of photons with an energy of 1.1- F;,,, (black solid line) and 10- E;,,, (blue dashed
line) elastically scattered by Ne®*. Iincluded the results for different initial polarizations of
the photons in the columns of Fig. 6.4. On top of that, for reference, on the top left panel
the non-relativistic result (green solid line) from Eq. (6.9) is included.

In the bottom row of Fig. 6.4 we see that the angular shape of the P, parameter does not

depend on the energy of the incident photon. For scattering of light with a polarization in
or perpendicular to the scattering plane it vanishes for all angles 6, i.e. P, = 0, and in the
01 = 45° case we observe a smooth symmetric transition of P, from P, = 1 at low scattering
angles to P, = —1 at # = 180°. These angular shapes are in perfect agreement with the
non-relativistic result from Eq. (6.10).
In a similar way the results for the P, parameter for a tilted (§; = 45° or 6; = 90°)
polarization agrees with the non-relativistic results from Eq. (6.9). However, we can see in
the top left panel of Fig. 6.4 that for coplanar scattering, i.e. when the incident photons are
x-polarized, relativistic solutions do not agree with the simple nonrelativistic results. While,
according to the non-relativistic model, we should have P; = 1 for all possible scattering
angles, we observe in our non-relativistic results a depolarization of photons for 6 ~ 90°.
This depolarization becomes stronger for higher photon energies.

In order to understand this behavior we remember that the Stokes parameters are evaluated
from cross-sections for specific initial and final polarizations of the photons (6.6). The
angular behavior of P; can therefore be traced back to behavior of the elastic cross-section
for the scattering of different incident polarized photons into specifically polarized scattered
photon states. To examine this behavior I show in Fig. 6.5 the relevant cross-sections
for elastic scattering of a photon with an energy of 1.1 - E;,,, by Ne?*. Specifically, these
cross-sections are the ones in which the initial polarization of the photon lies either in the

6.1 Polarization transfer in elastic Rayleigh scattering
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Fig. 6.4: P, (top row) and P, (bottom row) Stokes parameters for elastic scattering of
photons by Ne®f with an energy of 1.1E,,, (black solid line) and 10E;,, (blue
dashed line) for different tilt angles 4; (columns) of the polarization of the incident
photon. On the top left panel the non-relativistic result from Eq. (6.9) is included
for reference as a green solid line.
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Fig. 6.5: Cross-sections for elastic scattering of photons with the energies of 1.1 - E;,,, by
NeT and different polarizations of the incident photon (x or in the scattering
plane in the top row; y or perpendicular to the scattering plane in the lower row)
and the outgoing photon (z in the left column; y in the right column). Calculations
involving all multipoles (black solid line) are compared with relativistic E1E1
calculations (red dashed line).

scattering plane (x-polarization) or perpendicular to it (y-polarization) and we observe
similar x- or y-polarization of the scattered photons.

Fig. 6.5 shows that for the cross-sections where the incident and scattered photon have the
same polarization higher multipole effects play no visible role and their angular behavior
can be reasonably well described by the non-relativistic dipole approximation. We have a
do /dS) ~ cos® 0 behavior when both photons are polarized in the scattering plane and a
constant non-zero cross-section if both photons are y-polarized. Additionally, relativistic
contributions add to both cross-sections a small non-zero constant that can not be seen at
this scale.

In contrast to the non-relativistic description, we observe in the off diagonal panels of Fig.

6.5 angular dependent non-vanishing cross-sections for the observation of e.g. scattered
y-polarized photons when the initial photons are x-polarized. These non-zero cross-sections
are caused both by relativistic and higher multipole effects and are connected to a spin-flip
of the ground state electron. As such spin-flips are not possible in fully occupied electron
shells, the "xy"-cross-sections are only non-zero in certain few-electron ions such as H-like
ions.

If we now consider elastic scattering of coplanar polarized light, we see that at a scattering
angle of § ~ 90° the "xx"-cross-section vanishes (up to tiny relativistic and higher multipole
contributions) while the size of the "xy"-cross-section remains finite. According to the
definition of P; (6.6) the scattered photons are therefore not x-polarized at such angles and
we have the observed depolarization.

6.1 Polarization transfer in elastic Rayleigh scattering
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Fig. 6.6: Stokes parameters of scattered photons from the elastic scattering of linear
polarized radiation by Xe®3*. I present results for photons with an energy
1.1 - E;,, (black solid line), 5 - E;,, (red dashed line), and 10 - E;,, (blue dotted
line). Different angles §; between the polarization of the incident radiation and
the scattering plane are shown in the columns.

Now that we understand the low energy behavior, it is interesting to examine the Stokes
parameters for heavier targets. Analogous to Fig. 6.4 I show in Fig. 6.6 and Fig. 6.7 the P,
and P, parameters for scattering of photons with 1.1 - E;,,, , 5 - Ej;,,, and 10 - E;,,, by X537
and U°'* for different tilt angles §; between the polarization of the incident radiation and
the scattering plane.

A comparison of the new Fig. 6.6 and Fig. 6.7 with Fig. 6.4 shows that the angular shapes
of the Stokes parameter for scattering by Ne®* that coincide with the non-relativistic model
have the same angular dependence also for heavier targets if the photon energy is relatively
small. For higher photon energies, as seen in Fig. 6.6 and especially in Fig. 6.7, the angular
shape of all of the Stokes parameters deviate considerably from the dipole approximation.
This shows that for such energies the cross-sections become dominated by higher multipole
contributions. Interestingly, we can see in Fig. 6.6 and Fig. 6.7 that the P, parameter
vanishes for all photon energies if the photons are initially polarized within or perpendicular
to the scattering plane, c.p. [74]. This symmetry behavior arises from the fact that the
projection on final polarization states with do = 45° or d, = 135° get the same contributions
from the "xx"-, "xy"-, "yx"-, "yy"-cross-sections we discussed earlier.

In the scattering of high-energy photons by heavy ions the relativistic and higher-multipole
effects that lead to a depolarization for coplanar scattering at scattering angles 6 ~ 90° for
Ne* targets become even more prominent. The depolarization dips become wider (low
energy photons) and for higher energy photons we also observe that the angular shape
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Fig. 6.7: Stokes parameters of scattered photons from the elastic scattering of linear po-
larized photons by U°!*. In this figure the same conventions like in Fig. 6.6 are
used.

of P, is no longer symmetric with respect to § = 90°. For the scattering of high energy
photons by U1+ we can even observe a crossover of the coplanar P, parameter at scattering
angles # > 90° as seen in the top left panel of Fig. 6.7. Unfortunately, at these angles
the cross-section of the scattering process becomes extremely small (c.p. Fig. 6.3). An
experimental measurement of such a crossover might therefore be very challenging.

Stability of the depolarization effect

Up till now I discussed the polarization properties for scattering of completely polarized
photons in the case where both the polarization of the incident photons as well as the polar-
ization of the scattered photons could be precisely specified with respect to the scattering
plane. At specific polarization and scattering angles we observed an interesting depolar-
ization effect. This depolarization appeared because for these specific scattering angles
and polarizations the dominant dipole contribution is strongly suppressed. As a result of
the origin of this effect the elastic cross-sections for an observation of photons under these
conditions are very low. This leads to the question if this new effect could also be seen in
less ideal conditions, e.g. when the initial beam is not perfectly polarized or the incident
polarization is slightly tilted with respect to the scattering plane.

To study the stability of the depolarization effect under such non-ideal conditions I first
consider the effect of small tilts of the initial polarization. As we have a better understanding

6.1 Polarization transfer in elastic Rayleigh scattering
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Fig. 6.8: Effects of small tilts ¢; of the polarization of incident radiation with an energy
of 1.1 - E;,, on the P, Stokes parameter of the elastically scattered photons.
We consider Ne®* (top row), Xe®>* (center row), and U+ targets with no (left
column), or small tilts of §; = 1deg (center column) or d; = 5 deg(left column)
between the polarization of the incident photons and the scattering plane. Our all
multipole results (black solid lines) are compared with the non-relativistic dipole
approximation from Eq. (6.9) (red dashed lines).

of the angular behavior of the Stokes parameter for low photon energies I show in Fig. 6.8
the P, Stokes parameters of photons with an energy of 1.1 - E;,,, elastically scattered by
Net, Xe?t, and U?'*. I compare the non-relativistic model (6.9) with the relativistic
results for coplanar polarization or small tilts of §; = 1° and ¢; = 5° of the polarization of
the incident photons.

We see from Fig. 6.8 that, for a small but non-zero tilt between the incident polarization
and the scattering plane, the non-relativistic model predicts a non-relativistic depolarization
and even a polarization crossover similar to the spin-flip effect I discussed in the previous
section. This non-relativistic depolarization can be easily understood by comparing the "xx"-
and the "yy"-cross-section in Fig. 6.5. For a small non-zero tilt of the incident polarization
the initial polarization has a small but non-zero projection perpendicular to the scattering
plane. Because of this small projection the "yy"-cross-section from Fig. 6.5 has a non-zero
contribution to the scattering process. As the "yy"-cross-section has no minimum at 6 ~ 90°,
at these angles it dominates the scattering process and causes a depolarization dip in the
graph. In many cases such a tilt contribution is much larger than the relativistic and higher
multipole spin-flip based "xy"-contribution. Therefore, for light scattering targets, unless the
polarization angles can be extremely well controlled, the relativistic effects are hidden by
the non-relativistic tilt effects, cp. top row of Fig. 6.8.

Fortunately, for heavier targets (center row of Fig. 6.8) the relativistic depolarization is
hidden only at larger tilt angles d;, c.p. right panel of this row. Thus in the scattering by U1+
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Fig. 6.9: P, Stokes parameter of elastically scattering of not fully coplanar polarized incident
radiation with a photon energy of 5 - E;,,, for a Xe®3* target. I compare radiation
fully polarized in the scattering plane (black solid line), with 0.95 (red dashed
line) and 0.9 (blue dotted line) polarized light.

(bottom row of Fig. 6.8) the relativistic and higher multipole effects are strong enough to
make the relativistic depolarization robust against small tilts of the initial polarization. Even
though in such systems a small change of the initial polarization leads to some depolarization
of the scattered photons, the relativistic effects remain well visible, c.p. right panel of this
TOW.

I conclude that even small angles between the polarization of the initial photon and the
scattering plane have a profound effect on the angular dependence of the linear polarization
of the scattered photon. In a possible experimental examination of the polarization properties
of elastically scattered photons it is therefore very important to carefully consider how well
both the polarization axis of the incident radiation as well as the axis of the scattered photons
is known.

Similar effects can also be observed when the incident radiation is not fully polarized.

To present the impact of incomplete initial polarization I show in Fig. 6.9 the P; Stokes
parameter for elastic scattering of an ensemble of photons with different degrees of coplanar
polarization and with an energy of 5 - E;,,, by Xe3*. Specifically, I compare the results for
photons that are 90%, 95% and 100% polarized. "Not fully polarized" Stokes parameters are
evaluated from cross-sections for not fully polarized incident radiation. As mentioned in
the theory part these cross-sections for incomplete polarized incident radiation are weighed
sums of §; = 0° and §; = 90° cross-sections. In order to get the Stokes parameter P, = 0.9
or P; = 0.95 for the incident photons, the original §; contribution to the cross-section for
incomplete polarized incident photons must be 19, or 39 times greater than the contribution
from the 6; = 90° cross-section, c.p. Eq. (6.3).

As we can see from Fig. 6.9, in analogy to the role of small tilts of the polarization of the
incident photons, a decrease of the polarization of the incident radiation has a significant
effect on the polarization of the scattered photon. Unlike the effects from tilts of the incident
polarization, the decrease of polarization of the incident photons lowers the polarization of
the scattered photons for all scattering angles.

6.1 Polarization transfer in elastic Rayleigh scattering
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Conclusion and Outlook

Using a relativistic approach I examined the polarization sensitivity of Rayleigh scattering of
photons by ground-state electrons of H-like ions for photon energies above the ionization
threshold of the ions. As a first step the elastic cross-section for polarized light was evaluated.
For the scattering of photons with a relatively small energy by light ions the angular
dependence of such a cross-section can be reasonably described by means of a (classical)
non-relativistic dipole approximation. At higher photon energies and for heavier targets we
observe a suppression of backscattering due to non-dipole contributions to the scattering
process. These cross-sections were used to determine the linear polarization of the scattered
photons by means of so-called Stokes parameters under the assumption that the incident
photons are linearly polarized.

Like the scattering cross-sections for low photon energies and most angles between the
scattering plane and the polarization of the incident and scattered photons these Stokes
parameters are well described by the non-relativistic model. At higher photon energies and
heavier targets the Stokes parameters can be influenced considerably by higher multipole
contributions. However, for all photon energies we observed an exceptional effect in the
angular dependence of the P, Stokes parameter for coplanar elastic scattering. At a scattering
angle of 6 = 90° the scattered photons are depolarized due to spin-flips of the target electrons
caused by relativistic and higher multipole effects. Such an effect can only be observed in
few-electron ions and has up till now not been described by previous studies. Unfortunately
this depolarization effect is only prominent at scattering angles with a small cross-section
and requires a very precise control of the scattering parameters. Therefore it might be
challenging to observe.

This kind of scattering effect is a nice example how in specifically controlled two-photon
processes strong first-order effects can be suppressed to measure small e.g. relativistic or
higher multipole contributions. To further explore such possibilities in a system that offers
an even greater amount of control over the two-photon process, I studied inelastic Raman
scattering by H-like ions.

Inelastic Raman scattering

Physics background and motivation

When a photon is scattered by a bound electron, energy can be transferred between the
photon and the scattering target. This energy transfer can lead to an excitation or de-
excitation of the participating target into a different bound state. We call such an inelastic
scattering process (Stokes and anti-Stokes) Raman scattering. This kind of process has
been extensively studied for solid state and molecular targets in the past and has been
applied in measurement techniques such as Raman spectroscopy. For atoms or ions as targets
most of the interest on Raman scattering had been up till now focused on scattering by
electrons of neutral many-electron atoms. In such systems all of the lower electron states
are occupied and it is only possible to excite electrons into high-lying weakly bound states.

Chapter 6 Scattering of photons by highly charged heavy ions



Inilijim;>

Fig. 6.10: Schematic description of (Stokes) Raman scattering. In the scattering process
the initial state |n;l;j;m;) is excited into the final state |n¢lsjrmys) and the
scattering proceeds via a virtual intermediate state |n,!l,j,m,) . The quantum
numbers n, [, j, m were defined in chapter 2.

Inelastic scattering by neutral atoms can therefore only be observed if the incident photons
have a sufficient energy, i.e. an energy close to the ionization threshold of the target. At
such energies the inelastic scattering process is dominated by resonant scattering via an
energetically close real intermediate state. In the last decades this so-called Resonant Raman
scattering process has been studied extensively with x-rays scattered by different neutral
atoms [27, 28]. However, in such a process only the initial state of a participating electron
can be strongly affected by relativistic and strong field effects.

To explore relativistic and strong field phenomena it is therefore interesting to study inelastic
Raman scattering of lower energy photons by heavy highly charged few-electron ions. Due to
their theoretical simplicity H-like ions are especially interesting targets. In a non-relativistic
approximation Raman scattering by light H-like target, e.g. neutral hydrogen, has been
studied for many years [14, 22, 23, 24, 25, 26]. These results were e.g. used in the
explanation of certain spectral lines in astrophysics [75]. For the inelastic scattering by
heavier H-like ions, however, only a preliminary relativistic study [29] exists.

In this part of the chapter I present my more detailed analysis [56] of such systems. I
especially focus on so-called Stokes Raman scattering in which the final state is more excited
than the initial state, c.p. Fig. 6.10 Using a relativistic approach the inelastic scattering
of sub-threshold photons by different H-like ions involving 1s; /5 — 251 /2, 15172 — 2p1/2
and 1s,/2 — 2py/, transition of the ions are studied. Special attention is paid to the energy
dependence of the total Raman cross-section and the angular distribution of the scattered
photon. Furthermore, for the 1s,/, — 2p3/, process I also consider the occupation of the
magnetic substates of the ion after the scattering process.

6.2 Inelastic Raman scattering
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6.2.2 Raman scattering as a two-photon process

Inelastic Raman scattering can be described in a similar way as elastic scattering and its cross-
section is derived in analogy to the derivation of Eq. (6.2). By considering a simultaneous
absorption and emission of a photon we have a transition between an initial and a final state
via some virtual intermediate state v. In contrast to the photons in elastic scattering, in the
inelastic scattering the energies of the incident (w;) and scattered (w-) photons are different.
Thus a derivation of the differential cross-section for Raman scattering produces a slightly
different result. For example, if we assume the incident photons to be unpolarized and do
not observe the polarization of the scattered photons, we can describe such a cross-section
by averaging over the possible circular incident polarizations and by summing over the
(circular) polarizations of the scattered photon:

dO’ N aS wz
aa 225+ w Z Z |M ) (6.11)

mimys A1 Az

with A\; 2 = £1 describing the contributions due to different circular polarization of the
incident and scattered photon, j; is the total angular momentum of the initial state, and
M7 is the scattering amplitude (4.15). This inelastic cross-section has an additional ws /w1
prefactor that naturally vanishes in the elastic case (6.2). Here, due to the conservation of
energy, the energy of the scattered photon wy can be determined by the energy of the incident
photon w; and the energies of the target ion before (£;) and after (E;) the scattering process:
wi + By = ws + Ey.

For some phenomena of the Raman scattering process the structure of the transition ampli-
tude plays a role. Especially important is the role of different intermediate angular momenta
on specific multipole contributions. It is therefore useful to shortly look again at my result
from chapter 4 on this topic in the specific situation we have here. Such a structure is best
described in a specific coordinate system. In this work, as shown in Fig. 6.11, I assume that
the incident photons propagate along the quantization (z-) axis and the scattered photons
are observed under a scattering angle 6.
In such a coordinate system the scattering amplitude (4.15) can be written as:

M3¢ =2 Z Z pz+1 Ll Lz(Z)\l)Pl(_Z)\2)P2 Ly, L2]1/2DJIC[22§2(Q)
p1Lip2La M2

X > (2 + )N =12 T (jymy, LaMy | jum,)
Jumy

Lap2Lip1
Si. (

X (Jimi, LAt | jumy) wi)

+ []jsz] 1/ ( 1)jyiji <jum1/aL A1 ‘ jfmf>
X (jymy, LaMsy | jims) sLlplLﬂ’?( —wy)), (6.12)

where we used the usual total angular momenta and projections j, m for the initial (),
virtual intermediate (), and final state (f) and the multipole contributions are defined by
L1, p1 for the absorbed photon and by Ly, p> for the emitted one. The M, are the projection
of the angular momenta transferred by the emitted photon on the quantization axis, and the
A1, Ao the helicities of the photons.

In the equation we see that the Clebsch-Gordan coefficients determine which virtual interme-
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e,
Fig. 6.11: Setup and coordinate system for inelastic Raman scattering of a photon.

diate total angular momenta j, and projection on the quantization axis m,, contribute to the
scattering amplitude. Due to the triangle rules of the Clebsch-Gordan coefficients [35] these
coefficients are only non-zero when we have |j; — L1| < j, < j; + L; and m; + A\; = m,, or
lif — L1| < ju» < jy + Ly and m, + Ay = my.

The differential cross-section (6.11) can be used to determine the absolute inelastic Raman
cross-section. By integrating over all angles of the outgoing photon df) we get:

a—z(zj o Z Z/ (6.13)

mimys A1z

Alignment of the ions subsequent to the scattering process and its
measurement

On top of the differential and total cross-section it is also interesting to examine the occupa-
tion of the different magnetic substates of the ions after the inelastic scattering process. As
many atomic processes can lead to an unequal occupation of such substates, there exists a
common characterization of the occupation in an ensemble of ions. For an ensemble of ions
with unequal occupied substates we talk about "polarized" ions, c.p. [35]. Such polarized
ions are called "oriented" if the occupation of the magnetic states is not symmetric with
respect to the "xy"-plane, i.e. when states with m; = m are differently occupied than states
with my = —m, and "aligned" when the substates are symmetric but not uniformly filled.

As a first step, my analysis includes an examination of the state of the ions subsequent to an
inelastic scattering process in which the direction of the scattered photon is not observed. In
such processes, especially for unpolarized incident light, for symmetry reasons the ions are
not oriented. It is therefore sufficient to concentrate on the "alignment" of the final state of
the system.

6.2 Inelastic Raman scattering
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Such an alignment of an atomic state is usually described in terms of the so-called alignment
parameter Asg c.p.[35].

Agy = P20 (6.14)
P00

where the elements of the statistical tensor

pro= Y (=1)77™ (jm,j —m/| kO) P(j,m), (6.15)

m,m’

depend on the probability P(j,m) to find an electron in the final state with a total angular
momentum j in the substate with magnetic quantum number m. These probabilities are
determined for an ensemble of observed ions by the scattering rates or cross-sections of
inelastic scattering accompanied by an excitation of the specific magnetic substate.

In this definition, due to the triangle rules of the Clebsch-Gordan coefficient, the alignment
parameter vanishes Aoy = 0 if the total angular momentum of the state is j = 1/2. Thus for
scattering processes with a final angular momentum of j; = 1/2 the alignment is trivial 0.
However, subsequent to 1s;,, — 2p3,» Raman scattering, i.e. for j; = 3/2, the ions can be
aligned. In such a system the alignment parameter is given by:

Omyp=43/2 — Omy==£1/2

A = (6.16)

)
Omy=+3/2 + Omy=41/2

where 0, ,—n, is the Raman cross-section for an excitation of a substate with m; = m

1
Tm; = 5 /2J+1w1 ZZ|M ¢ dg. (6.17)

1,Aa My

It is also possible to derive a general expression, e.g. based on irreducible tensors for the
alignment parameter, c.p. [56]: However such an expression is neither useful for a numerical
evaluation of this parameter nor helpful in the interpretation of its behavior and will not be
presented here.

Results and discussion

Numerical solutions of the differential and total inelastic cross-sections were evaluated
by implementing the analytical expression for the reduced two-photon absorption matrix
element (4.2.1) I discussed in chapter 4 in the Mathematica computer algebra system. With
approximations of these reduced matrix element the scattering amplitudes (6.12) were
determined and these building blocks were further used to evaluate the cross-sections (6.11),
(6.13), and (6.17). I calculated precise numerical values for the cross-section of Raman
scattering by neutral hydrogen, X¢***, and U%'* accompanied by the 1s;/5 — 251 /o, the
1s1/2 — 2p1/2, and the 1s;/5 — 2p3/, transitions of the target and for photon energies
below the ionization threshold of the target ion. In these calculations it turned out that
even for high-Z targets including all multipoles up to L=3 it is sufficient to achieve a good
convergence of the result.
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Total inelastic scattering cross-sections

The study of total Raman cross-sections, especially their energy dependence, is a good first
step to explore the general behavior of such inelastic scattering processes and to estimate
the role of relativistic effects in them. I extended previous non-relativistic [14, 22, 23] and
relativistic [29] calculations for the 1s — 2s (or 1515 — 257 /2) scattering process in neutral
hydrogen by not only considering inelastic scattering involving the 1s; /5 — 25,/ transition
in different H-like ions, but also the 1s,/, — 2p; /2 and 1s,/, — 2p3,5 cross-sections. For
these processes the cross-sections are shown in Fig. 6.12 as a function of the energy of the
incident photon for scattering by neutral hydrogen, Xe®**, and U°!*. To be able to compare
the energy dependence of the cross-section for the scattering by different ions, it is useful to
indicate these incident energies w, in units of the ionization energy of the ground state of
these ions E;,. The absolute values of these ground state energies are |E;,| ~ 13.6¢V for
neutral hydrogen, |E14| ~ 41.4keV for Xe®3T, and |E;| ~ 132keV for U?1*. Furthermore,
I include for comparison the non-relativistic results of 1s — 2s scattering by Zon [22] and
Sadeghpour [23].

In Fig. 6.12 we observe for all processes a number of resonances in the energy dependence
of the cross-sections. These resonances appear at photon energies w; where the energy of
the virtual intermediate state F,, = E; + w; in the scattering amplitude (c.p. Eq. (4.12))
corresponds to the energy of a physical eigenstate |n’, j/,1’, m’) of the ion. At such energies
inelastic scattering can be understood as a two step process where first the incident photon
excites the intermediate state |n/,j’,1’,m’) , which then decays to the final state by emitting
the "scattered photon", i.e. we have transitions of the form: 1s;/, — 3p1/2 — 2s1/2. The
resonances can be identified by this real intermediate state and will therefore be called
e.g. 3p; /2 resonances. For light ions the energies of such states are given by Bohr’s energy
formula (2.20) and resonances are at w; = (1 — #) |E15|. Close to the ionization limit the
Raman cross-section is dominated by these resonances and we have the so-called Resonant
Raman scattering process. For heavier targets, as we can see in the lower panels of Fig. 6.12,
due to the fine structure of the ions, the resonance peaks split into peak multiplets in which
each sub-peak corresponds to a different relativistic fine structure level. To illustrate this
behavior I mark the energies of the different fine structure levels as vertical blue dotted lines
in the figure.

Apart from this resonance behavior, it is also interesting to study the the cross-section for
energies where resonances play no major role, i.e. for incident photon energies in the
region defined by: 0.8 |Es| < wy < 0.87|F14|. In this region it is possible to observe the

Z-dependence of Raman scattering involving different transitions of the ion. For example, we
see in Fig. 6.12 that for the 1s; /5 — 25,5 process even with high-Z targets the cross-section
is in very good agreement with the non-relativistic results for 1s — 2s scattering by neutral
hydrogen of Zon [22] (and Sadeghpour [23]). To understand this weak Z-dependence of
the cross-section we recall that the transition amplitude for the 1s;/, — 25,/ scattering
process is dominated by the electric dipole(E1E1) , i.e. L1 = Ly = p; = p = 1, multipole
contribution. As I showed in chapter 3, the two E1 transition amplitudes in the numerator of
the transition amplitude of a two-photon process, c.p. e.g. (4.1), both scale like Zag while
all energies in the denominator scale in first order like (Zas)?, c.p. Eq. (2.20). Thus for
equal relative energies in the non-resonant region the Z-dependence of the numerator and
denominator cancel each other and the E1E1 scattering amplitude does only weakly depend
on the nuclear charge Z (due to additional relativistic effects). As a result for comparable
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Fig. 6.12: .
Total cross-section for inelastic scattering by neutral hydrogen (top panel), Xe
(center panel) and U°'* (bottom panel) as a function of the energy of the incident
photons w;. I show Raman scattering involving the 1s; /5, — 2s; /5 (black solid line),
the 1sy/5 — 2p;/, (red dash-dotted line), and the 1s;/, — 2p3/,(green dashed line)
transition of the target. For comparison the non-relativistic results for 1s — 2s Raman
scattering by neutral hydrogen by Zon [22] (orange dotted line) and Sadeghpour
[23](black circles) have been included in the graph. The energy of the photons
is given in units of the ground state ionization energy FE;s of the respective ions.
Photon energies that correspond to the excitation energies of specific excited states
of the ion have been marked by a vertical blue dotted line.
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incident photon energies, i.e. the same ws/w; factor in Eq. (6.13), the scattering cross-
section (6.13) only has a similar weak Z scaling from higher order multipole contributions
and relativistic effects.

In contrast to the 1s,/, — 25/, process the cross-sections of 1s;,5 — 2p;/ and 1sy,5 —
2p3 /2 Raman scattering become 3 — 4 orders of magnitude larger when Z rises from 1 to 92.
These 1s — 2p scattering processes have initial and final states with opposite parity. Due to
the parity conservation conditions I discussed in chapter 3 and 4, the leading order multipole
contributions of the scattering amplitudes are therefore EIM1 and E1E2. These non-electric-
dipole leading multipole contributions lead to a Zag dependence of the transition amplitude
and thus the observed quadratic Z-scaling of the cross-section: o1y, , s2p, 54, ~ 27

In a potential future experiment on x-ray scattering by highly charged ions not only inelastic
Raman scattering, but also other interaction processes would play a role. To estimate the
relative size of the Raman scattering process I compare, for off-resonant photon energies,
its inelastic scattering cross-section with the cross-section of the important well-known
elastic Rayleigh scattering process. Using the same approach used in the evaluation of the
inelastic scattering cross-section, for an incident photon energy of w; = 0.8 - E, the elastic
cross-section of an elastic 1s,,, — 15/, scattering process is evaluated. I found that for
scattering by U°!'* the Rayleigh cross-section is approximately 7200mb while the inelastic
sy — 251/ cross-section is 105mb. In other words, in this region the cross-section of
the most prominent inelastic process is in the order of 1% of the cross-section for elastic
scattering. Thus, to observe Raman scattering a good selection mechanism, like measuring
the energy of the scattered photon, is needed. As the detectors in such measurements
are usually positioned to measure photons scattered at a specific angle it is very useful to
understand the angular-differential cross-section that determines the angular distribution of
the scattered photons.

Angular distribution

As we have seen in the elastic scattering process at the beginning of this chapter, the angular
shape of differential scattering cross-sections can strongly depend on the energy of the inci-
dent photon. To understand such angular shapes, I first define a non-resonant baseline and
study the angular distribution of the scattered photons for the different inelastic processes
and incident radiation with a photon energy of w; = 0.825|Ey;|. In Fig. 6.13 the (angle-)
differential cross-sections of 1s;,5 — 251/, (left panels), 1s,/, — 2p;/2 (center panels),
and 1s1 /2 — 2p3» (right panels) Raman scattering by neutral hydrogen (top row), Xe”+
(center row), and U°'* (bottom row) is shown. To analyze the role of higher multipole
effects on these angular shapes I plotted both the results for cross-sections evaluated with
all multipole contributions (black solid line) as well as cross-sections evaluated only with
the leading order contributions (red dashed line), i.e. for the 1s;,5, — 2s;/, scattering I
only considered E1E1 scattering and for the 1s, /5 — 2p; /2 and 151 /5 — 2p3/, processes only
scattering contributions from the E1M1 and E1E2 multipoles.

On the left side of Fig. 6.13 we see that the angular distributions for inelastic scattering
involving 1s4 /5 — 2s; /o transitions are, even for scattering by high-Z ions, only minimally
affected by non-dipole contributions. For all target ions the angular distribution has typical
E1E1 do/dS) ~ 1 + cos? 6 shape well known from previous non-relativistic calculations [22]
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Fig. 6.13: Differential cross-section of 151/, — 2s1,5(left panels), 1s;/5 — 2p; o (center
panels), and 1s,/, — 2p3/ (right panels) Raman scattering by neural hydrogen
(top row), Xe53* (center row), and U+ (bottom row) for an incident photon
energy of 0.825 | E5|. I show both calculations including all multipole contribu-
tions (black solid line) as well as only the leading multipole contributions (red
dashed line) i.e. E1E1 on left panels, E1IM1 and E1E2 on the center and right
panels.

and other two-photon processes like two-photon decay and elastic scattering.

On the other hand, we see in Fig. 6.13 that in the 15,5 — 2p; /5 and 1s;/, — 2p3/5 pro-
cesses the angular shapes of the cross-sections vary for different target ions. For example, for
scattering by neutral hydrogen the differential cross-sections of the 1s,,, — 2p,/» and the
1s1/2 — 2p3/, processes differ only by a constant factor 1/2 due to the different statistical
weight of the final states. In both angular distributions the cross-section is maximal for scat-
tering in forward direction and falls continuously for increasing scattering angles. However,
for heavier targets there appears an additional maximum in the differential cross-section
of the 1s1 /5 — 2py /5 process at around ¢ = 100°. This new behavior arises partially from a
different weight of the leading E1E2 and E1M1 multipole contributions and partially from
higher multipole contributions. It is contrasted by the 1s;,, — 2p3,, angular distributions
that remain relatively unchanged even for high-Z target ions. In this scattering process even
for scattering by U°'* higher multipole contributions play only a minor role.

Based on this investigation of the angular behavior of the differential cross-section for
non-resonant photon energies, I now examine how these angular shapes change near the
resonances. In my research I observed that near such resonances these shapes can change
drastically for slightly different incident photon energies. As a good example, I show in
in Fig. 6.14 the angular distribution of photons inelastically scattered by U°'* involving a
1s1/2 — 25, transition of the ion for incident photon energies near the 3p, /, resonance.
Fig. 6.14 shows an angular distribution with a minimum at § = 90° for incident photon
energies below the resonance, i.e at w; = 0.888|E;|. For photon energies slightly above
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Fig. 6.14: Angle-differential cross-section for Raman scattering by U°!'* involving the
1s1/2 — 25y, transition of the ion at photon energies near the resonance corre-
sponding to an excitation of the 3p, /, state.

the resonance at w; = 0.89|E | the angular shape of the cross-section changes drastically
and has a maximum at this angle. At even higher photon energies the "usual" minimum
reappears. This profound energy dependence of the angular shape is caused by the behavior
of the leading order E1E1 contributions to the scattering process. To understand its origin
we need to consider the behavior of the scattering amplitudes (6.12) in detail. The energy
dependence of these amplitudes is determined by the reduced two-photon absorption matrix
elements in them. Near resonances such reduced matrix elements behave very differently
depending on their specific intermediate angular momentum. For example, near the 3p,
resonance the part with j, = 1/2 is dominated by the real 3p, /, intermediate state and can
be approximated by:

<2p1/2 ’ ‘Otaipj)

‘ 3p1/2> <3p1/2 Haa(Lpll)

151/2>
E151/2 +twr — E3P1/2 7

(6.18)

Sful:lp/lzzLFpQ:l(wl) ~

This reduced matrix element changes its sign at the resonance. On the other hand, as the
3p3 /2 state has a different energy level the Sful;p/fh:p >=! element changes only marginally
at this energy. Due to interference between the contributions from these two elements, the
angular dependence of the differential cross-section behaves near the resonance like:

do 9

E ~ C+Sj’/:1/2 COS 0, (619)
where C' is some arbitrary constant.
The shape change can thus be traced back to this interference. It is important to stress that
this behavior only appears when either the S _, /5 or the S; _3/, reduced matrix element
changes its sign, i.e. it is only visible in relativistic systems in which there is a sizable fine
structure splitting between the 3p, /, and 3ps/, levels. For that reason the shape changes
can neither be observed for scattering of photons by light ions nor in scattering processes to
higher states, e.g. in 15,/ — 551/, Resonant Raman scattering.
This shape flip effect does not only appear in the 1s,/, — 2s; /, process. As seen in Fig. 6.15,
it can e.g. also be observed near the 3s, /5, 3p; /2 resonance of the 1s; /5, — 2p;, inelastic
scattering process.

6.2 Inelastic Raman scattering
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Fig. 6.15: Angle-differential cross-section for Raman scattering by U°'* involving the
1s1/2 — 2p1/ transition of the ion at photon energies near the resonance corre-
sponding to an excitation of the 3s; /, state

In principle, such an influence of the energy of the incident photons on the angular distribu-
tion of the scattered photons should be experimentally accessible in the near future. Brilliant
x-ray sources with a sufficiently small spectral width of e.g. 100eV for 100keV photons exist
e.g. in the Petra III facility. Modern semiconductor detectors that could be used to measure
the scattered photons are also available. To my knowledge it is at the moment unfortunately
not possible to use such x-rays in combination with sources of highly charges ions that can
produce a sufficiently dense U°!* target. If these problems could be overcome, measuring
the flip of the angular shape might be an interesting way to probe the structure of the ions
in detail.

Alignment of the ions subsequent to the scattering process

In the 1s,/, — 2ps/, inelastic scattering process it is possible to consider not only the
differential and total scattering cross-section but we can also study how the different
magnetic substates of the ions are occupied subsequent to the scattering process. To gain
some first knowledge on this occupation distribution I studied the alignment of the final
state of the system under the assumption that the scattered photons are not observed. Using
Eq. (6.16) and the cross-sections (6.17) the alignment parameter Ay for 151/, — 2p3/2
Raman scattering by neutral hydrogen, Xe®3*, and U%'* was evaluated. I only consider
these parameters for incident photon energies up to w; < 0.9 |Ey,| to be able to ignore the
influence of competing atomic processes (that can excite the 2p;/, state) on the alignment
parameter. Such a process could e.g. be a two-step excitation consisting of an inelastic
1s1/2 = 3812 scattering process and a subsequent spontaneous 3s; /2 = 2p3/2 decay.

For such incident photon energies I show in Fig. 6.16 the alignment parameter Ay, of the
final state for 1s,/, — 2ps3/, scattering by different target ions. To better understand the
origin of the alignment I include both calculations incorporating all multipole contributions
(black solid line) as well as leading order (E1M1+E1E2) results (red dashed lines). Fig. 6.16
shows moderate alignment of the final state in the range of —0.4 < A,y < 0 for all target
ions. In the graphs we can see that the energy dependence of Ay can be understood as a
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weak non-resonant variation (top panel) on top of which, for scattering by Xe®3* or U1+,
some resonance peaks and dips appear. Both the smooth and the resonant behavior mainly
arise from the leading order (E1M1+E1E2) contribution as we can see from Fig. 6.16 by
comparing the leading-order with the all multipole results.

Some hints on the origin of this non-zero alignment can be obtained by studying its behavior
at the resonances in more detail. The resonant alignment peaks or dips appear at the same
photon energies as the resonance peaks of the total decay rate. For high-Z targets these
energies therefore correspond to specific fine structure levels. By coupling of the angular
momenta of the incident and scattered photons as well as the initial, resonance-dominated
virtual intermediate, and final state of the ions it is possible to understand the alignment at
these resonances.

The alignment of the ion after the scattering process originates from the different scattering
cross-sections into the specific magnetic substates. As evaluation of these cross-sections
(6.17) involves an integration over all possible directions of the scattered photon, this
scattered photon can not be the source of any direction dependence of the system. Any
non-zero alignment must therefore be related to the incident photon whose propagation
direction defines the quantization axis.

At the 35, /2, 3p; /2 and the 3p3 /2, 3d3/, resonances the contributions of the virtual interme-
diate states are dominated by the reduced matrix elements with j, = 1/2 or j, = 3/2.
Following the triangle rules for the angular momentum coupling in Eq. (6.12), it is evident
that for an initial magnetic quantum number m; = £1/2 and a projection of the angular
momentum of the photon given by its helicity A\; = +1 all intermediate magnetic substates
can be evenly occupied. Such virtual intermediate states would therefore have no preferred
direction and the alignment of the ions at these resonances vanishes.

On the other hand, at the 3p5/, resonance the dominant intermediate angular momentum
is j, = 5/2. Transitions via such an intermediate state proceed by absorbing an electric
quadrupole(E2) photon with 1,; = 2 and emitting a magnetic dipole photon. Since along
the propagation direction of the photon the projection of the angular momentum is limited
by its helicity (\; = +1), angular momentum coupling does not allow an occupation of
the m, = 4+5/2 intermediate substates. The intermediate state is therefore aligned. This
alignment can be seen in the alignment parameter of the final state which has a maximum
in its absolute values at such energies.

There are a number of methods to measure the alignment parameter I discussed in this
section. For example, it is possible to measure the angular distribution of the decay photons
of the excited 2p3,, state. In dipole approximation the angle-differential decay rate for a
2p3 /9 — 1812 single photon decay of aligned ions has been determined e.g. in Eq. 3.36 in
Balashov’s book [35] and is:

aw Wy Aso 9
o0 " 1 <1 T(3 cos’Og — 1)), (6.20)
with  the propagation direction of the emitted photon in the same coordinate system we

used before and W) the total decay rate of the process. The emission angle 0 is defined in
the same way as the scattering angle 6.
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decay rate of the process Wj.

To illustrate this expression in Fig. 6.17 I show how such an angular distribution would
be affected by different alignment parameters. An alignment parameter of Ay, = 0 can be
found e.g. for photon energies at the 3s, /5, 3p; /2 and the 3ps/,, 3d3,, resonances, c.p. e.g.
bottom panel in Fig. 6.16. For such 1s;,, — 2p3,, Raman scattering by U 91+ a moderate
alignment of A,y = 0.2 will be found if the incident photons have a relatively low energy of
w; ~ 0.8E1,. The maximum alignment of Ay = —0.4 can be found at the 3d;,, resonance,
c.p. Fig. 6.16. We see from Fig. 6.17 that these different alignment parameters can be
easily distinguished by measuring the angular distribution of the subsequent emitted decay
photon. However, a practical realization would run into similar problems as the observation
of the angular flip at the resonances: good enough x-ray sources and detectors exist, but it is
difficult to procure a suitable target of highly charged ions. As studying the alignment of the
ions subsequent to an inelastic scattering process seems to be a promising tool to study the
interplay of different transition paths via specific intermediate states, it is to be hoped that
these problems will be overcome in the future.

Conclusion

I discussed inelastic Raman scattering by H-like ions involving the 1s; /5 — 2519, 1512 —
2p1 /2, and 1sy,5 — 2p3/ transition of the ion. It was found that the cross-section for
1sy/2 — 2512 inelastic scattering depends only weakly on the nuclear charge. However,
while for low-Z systems the cross-section of the 15/, — 2p; /2 and 15/, — 2ps3/, scattering
processes can be neglected in comparison to the cross-section of the 1s; , — 2s; /, process,
due to favorable Z-scaling for heavier targets these 1s;,, — 2pi/o and 1s;/5 — 2p3)9
processes become increasingly important.

For all scattering processes the Raman cross-section has an interesting dependency on
the energy of the incident photons with a number of distinct resonance peaks. At these
resonances the scattering process proceeds as a two-step process via a real intermediate
state that gets excited and decays into the final state. The position of these resonances thus
reflects the energy levels of the target ions. The resonances exhibit for high-Z targets a fine
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structure splitting into several sub-resonances.

This fine structure splitting of the resonance peaks has an influence on other scattering
properties, such as the angular distribution of the scattered photons. Due to an interference
of the contributions to the transition amplitude that proceed via intermediate states with
different total angular momenta, e.g. near the 3p, /, resonance a flip of the angular shape of
the 1s; /o — 2p; /o cross-section is observed.

Apart from these cross-sections, the alignment of the ions subsequent to inelastic scattering
of photons involving 1s;/5 — 2p3/, transitions was studied. In this scattering process a
moderate alignment was found. While in light ions such an alignment depends smoothly on
the energy of the incident photon for high-Z targets, a number of resonance peaks and dips
appear. The peaks and dips allow us to gain some insight into the role of different transition
paths via virtual intermediate states with specific intermediate angular momenta.

It is therefore worthwhile to explore possibilities for an experimental measurement of such
an alignment, e.g. by means of measuring the angular distribution of the photons of the
subsequent single photon decay of the 2ps, state.

Chapter 6 Scattering of photons by highly charged heavy ions



Review and QOutlook

In this thesis a relativistic framework was used to study different two-photon processes in
heavy H-like and He-like ions. The text began with an introduction of the theoretical basis
of these studies. After giving a brief motivation of the topic in chapter 1, I repeated the
theoretical basis for a relativistic description of H-like and heavy He-like ions in chapter 2
and introduced some basic concepts needed to discuss the two-photon processes. Following
this introduction it was shown in chapter 3 how such few-electron ions interact with
electromagnetic fields. Most important, I demonstrated how a perturbative approach to
electron-photon interaction can be used to theoretically model the different two-photon
processes by means of so-called transition and scattering amplitudes. Then, the effects of
static external electric fields on ions was briefly analyzed. Finally, in chapter 4, I introduced
a common framework to evaluate the relativistic amplitudes for the different two-photon
processes. This framework was used in combination with the results from chapter 3 to model
the processes.

Subsequently to this theoretical basis I applied this common framework to study a number
of specific two-photon processes in detail. A central theme in these studies was the questions
how and to what extent two-photon processes can be externally influenced and what
kind of effects appear in such systems. To explore this theme I studied in chapter 5 the
effect of external electromagnetic fields on the two-photon decay of excited H-like and
He-like ions. By extending a previous study on the effects of static electric fields from my
diploma thesis, it was found that such perturbations often lead to a fast de-excitation of the
initial state by means of single photon decay and two-photon processes become negligible.
Through this observation critical field strengths that correspond to critical laser intensities
could be defined, at which the side effects of the external influence on a two-photon
process dominate the physical system and make observations of any two-photon transition
impossible. These results proved that some previously proposed measurement methods to
examine parity non-conservation effects are not feasible. Apart from defining such limits,
static perturbations of two-photon decay allow us to gain some general knowledge on
perturbed two-photon transitions. For example, I observed that interference between the
original and the perturbative contribution of the scattering process can only be observed in
some specific transition processes. Even in these processes it only plays a role for observables
that depend on the angle between the emission direction of both photons. Furthermore, also
independent of such interference effects, the influence of external perturbation can depend
strongly on the direction of the perturbation due to effects related to a virtual "alignment" of
the ion.

While keeping these static limits in mind, I studied a specific two-photon transition in which
external fields are used to fix the direction and polarization of one of the emitted photons,
the so-called singly stimulated two-photon decay. While previous studies considered this
exotic process only in light ions or atoms, it is shown that it should, at least theoretically,
be observable in highly charge heavy ions and allow to exert some control over a two-
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photon decay process. However, more practical considerations show that the need to have a
reservoir of excited highly charged heavy ions would make an experimental realization very
difficult.

To somewhat circumvent these issues I also considered, in chapter 6, the mathematically
similar elastic and inelastic photon scattering processes which are experimentally easier to
access. These studies consisted on the one hand of an analysis of the polarization properties
of photons elastically scattered by heavy H-like ions. For such one-electron ions I showed that
under special conditions the dominant dipole effects can be suppressed and weak relativistic
and higher multipole contributions dominate the polarization of the scattered photons. For
heavy ions these effects are robust enough to be measured experimentally.

On the other hand, apart from such elastic scattering processes, I also examined inelastic
Raman scattering by H-like ions involving the 1s;/5 — 25y /5, the 1s1/5 — 2p; /2, and the
1s1/ — 2pg/, transitions in the target ions. This analysis revealed clear resonances in
the energy dependence of the inelastic scattering cross-section. The resonant energies
correspond to excitation energies of the ions. For heavy ions due to the fine structure of these
systems, the resonance peaks are split into several sub-peaks. This splitting not only has an
effect on the total cross-section, but also strongly influences the angular distribution of the
inelastically scattered photons. Most importantly, due to interference of contributions to the
scattering amplitude that are linked to states of the ions with different virtual intermediate
angular momenta, the angular shape of e.g. the 1s;/, — 2s; /5 process changes drastically
for incident photon energies near the 3p, /, excitation energy. Additionally to such photon
related scattering properties in inelastic Raman scattering processes, the state of the ions
after the scattering process can be examined. For example, subsequent to a 151/, — 2p3/2
Raman scattering process in which the scattered photon is not observed, the participating
ion has non-zero alignment. This alignment depends on the energy of the incident photon.
For heavy target ions there are resonant incident energies at which we have either sharp
minima or maxima of the alignment. Through a detailed study of this alignment it might be
possible to gain new insights on angular momentum related phenomena in highly charged
ions.

In conclusion, a relativistic framework for describing different two-photon processes was
introduced. Using this framework, a number of specific systems were studied. I found that,
while external electromagnetic fields allow to control two-photon transition to some extent,
side effects caused by the fields an the often difficult preparation of such systems somewhat
limit possible experimental schemes employing such fields. As an alternative it is possible
to study elastic as well as inelastic photon scattering processes that offer a similar level of
control, but are more easily experimentally accessible. In such photon scattering processes a
number of interesting effects can be observed. In the future a careful analysis of such effects
might lead to new methods to analyze the internal structure of highly charged heavy ions.

In my research I found that the photon scattering, especially inelastic Raman scattering
by few electron ions, are the most promising processes to further explore the two-photon
processes. As future steps it would thus be interesting to further examine the properties
of inelastic scattering in greater detail. The first topic of such studies would be a deeper
analysis of the alignment and orientation of the ion after the scattering process. For example,
by measuring the scattering angle 6, of a scattered photon in coincidence with the emission

Chapter 7 Review and Outlook



929¢2

AR

Fig. 7.1: Schematic description of the measurement of an inelastically scattered photon
(scattered by 6,) in coincidence with the subsequent single photon decay of the
excited state (with emission angles 65, ¢5).

angle e.g. 05, ¢, of the photon emitted in the subsequent single photon decay, c.p. Fig. 7.1,
it should be possible not only to study non-zero alignment of the ion subsequent to the
scattering process, but also a possible on-zero orientation of the final state. Similar to the
alignment of the final state in such an experiment the behavior of the orientation of the ion
after the Raman process should be especially interesting for near-resonant incident photon
energies. By means of such an examination, presently open questions on the origin of the
alignment (or new ones on the origin of a possible orientation of the ion) can be probed.
Most likely specific experimental configurations would be revealed that are very sensitive to
small effects, e.g. from relativistic or higher multipole contributions.

Apart from such research on the state of the ion after the scattering process, the properties
of the scattered photons from inelastic Raman scattering should be further examined. For
example, with little effort the polarization sensitivity of the Raman cross-section could
be analyzed in a similarly way as the study of the polarization transfer in elastic Rayleigh
scattering in chapter 6.1. Like in the elastic process, in the inelastic scattering of photons with
non-resonant photon energies, there should be some specific polarizations and scattering
angles under which the strong first order contributions are suppressed and weaker effects,
e.g. from higher multipoles or relativistic physics, can be observed. Additional to effects
already observed in the elastic scattering process for near-resonant incident photon energies,
the polarization of the scattered photon might also be influenced in an interesting way by
interferences between the resonant and non-resonant parts similar to the shape changes I
observed in the angular distribution of the scattered photons.

For all these inelastic scattering properties, the ones we studied in Chapter 6 as well as the
ones that are mentioned in the previous paragraphs, at specific incident photon energies
the behavior is dominated by the resonances that I discussed in chapter 6.2. Furthermore,
due to its mathematical similarity such resonances might also play a role in elastic Rayleigh
scattering of low energy photons by few electron ions. With the theoretical approach that
was used in this thesis only a very preliminary study of the influence of these resonances
is possible. Therefore, to examine the scattering processes in this region more rigorously,
more advanced methods would have to be developed. Such methods must allow to include
the precise values of the energy of the resonant intermediate state and, most importantly,
its line width. One approach to take these energies and line widths into account is e.g. to
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separate the state of the ion that is responsible for the resonance |v,) from the other states
in the sum over all states, e.g. in Eq. (4.3):

S0 W] el o)
— E - E, e E-E, FE-E, —AE+

where the sum on the right side runs over all states v with the exception of the resonant
state |v,) and I included small energy corrections AFE, e.g. from the Lamb shift and the
line width I, in the resonant state.

In the Greens function approach I used to evaluate the reduced matrix elements for two-
photon absorption such a separation of the sum can be performed analytically. The first term
of Eq. (7.1) can be expressed by means of so-called dressed Greens functions that can be
evaluated by, c.p. [12, 61]:

G(r,r';E)= lim (E—-E,, )G(r,1;E). (7.2)
E,.—FE

With such a dressed Greens function the reduced matrix elements for Raman scattering
without the influence of the resonant state could be evaluated using the approach from
chapter 4. The resonant part would be evaluated as a simple two step process via the
intermediate state |v,.) . Finally, the non-resonant and the resonant parts would be summed
to a total scattering amplitude that would allow to describe the scattering process for near
resonant photon energies.
However, as this kind calculation is very complex and prone to error, it might be more
economic to use existing numerical methods based on a finite basis, like the ones I mentioned
in chapter 4, to include precise energies and line widths of specific states. In such an approach
the line widths and precise energies can easily be added to any number of specific summands
of the finite sum and used to evaluate the reduced matrix elements near a resonance.

By developing such methods for a precise analysis of the near-resonance behavior in inelastic
(and elastic) scattering by few electron ions, it would also be possible to examine the effects
of perturbations, e.g. from external electric fields or even the parity violating weak force,
on such inelastic (as well as elastic) scattering processes. Such an analysis would not only
describe the effects of the perturbation for off-resonant photon energies, but also for photon
energies close to the resonances. An examination of the effects of these perturbations on
the inelastic photon scattering process could lead to experimental applications of Raman
scattering in advanced studies, e.g. in the analysis of parity non-conservation effects in the
low-energy regime.
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