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Supervisor’s Foreword

The interaction of strong laser pulses with atoms and molecules has been subject of
scientific interest for decades. A large manifold of interesting phenomena arise from
the quantum nature of the systems, their strong modification by the laser electric
field and—after ionization—from the acceleration of the freed electrons in the laser
field. Beside computationally highly demanding quantum calculations, various
theoretical models have been developed that are able to approximately describe the
dynamics in many cases.

In order to gain insight into the details of the processes and to refine and adapt
the existing models accordingly, precise measurements have to be performed and
suitable experimental setups are requested. The detection of all charged particles
created in a certain process and the precise determination of their three-dimensional
momentum vectors became possible with the invention of the Reaction Microscope.
These spectrometers provide a very high resolution and are capable of performing
true multi-particle coincidence measurements on a shot-to-shot basis with very low
background. Data selection according to, e.g., the masses and charge states of the
created ions or the kinetic energy released in a process can yield channel-selective
data and thus helps to answer the open questions in the field.

An atom exposed to a very strong laser field typically experiences a large
deformation of the binding Coulomb potential. As a consequence, a potential
barrier is formed where electrons may tunnel out. Thus, a very fundamental
quantum process is triggered by the laser pulse. In order to relate the experimental
observable—the final momentum of the electron—to the process and its dynamics,
the further interaction of the freed electron with the laser field has to be taken into
account: In the vicinity of its parent ion, the electron is driven back and forth by the
laser. Depending on the laser electric field at the moment of ionization and the
initial momentum the electron had right after tunneling, a certain trajectory and final
momentum results. Theoretical models suggest that the initial momentum distri-
bution of the freed electrons depends on the shape of their bound state wave
function prior to the tunneling process. Although used in many theoretical and



vi Supervisor’s Foreword

experimental works, this dependence has never been shown directly in any
experiment before.

In this thesis, ionization processes of rare gas atoms and hydrogen molecules are
experimentally investigated. Using few-cycle laser pulses in a pump-probe scheme
and argon as target, the dependence of the final electron momentum distribution on
the bound state wave function is directly proven. Highly resolved electron
momentum distributions are obtained for rare gas atoms and molecular hydrogen
along the transition from the multiphoton to the tunneling regime, using laser pulses
over a large range of wavelengths. Unique fingerprints of autoionizing Rydberg
states in argon and krypton are identified. For hydrogen, different reaction channels
in terms of ionization and dissociation of the molecule are isolated using the unique
features of the Reaction Microscope. This provides a set of channel-resolved
benchmark data for future theoretical calculations and models.

Heidelberg, Germany Priv.-Doz. Dr. Robert Moshammer
January 2016



Abstract

In this thesis, the ionization of atoms and small molecules in strong laser fields is
experimentally studied by utilization of a reaction microscope.

The fundamental process of tunnel ionization in strong laser fields is subject of
investigation in a pump-probe experiment with ultrashort laser pulses. A coherent
superposition of electronic states in singly charged argon ions is created within the
first, and subsequently tunnel-ionized with the second pulse. This gives access to
state-selective information about the tunneling process and allows to test common
models.

Moreover, the ionization of krypton and argon at different wavelengths is
studied, from the multiphoton to the tunneling regime. The population of
autoionizing doubly excited states in the laser fields is proven and a possible
connection to the well-known dielectronic recombination processes is discussed.
The wavelength-dependent investigations are furthermore extended to molecular
hydrogen. In addition to ionization, this system might undergo different dissociative
processes. Channel-selective electron momentum distributions are presented and
compared to each other.

vii
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Chapter 1
Introduction

The wave-character of light and the particle-character of matter seemed disparate
until the last century, when physics proved the opposite: Light and matter may like-
wise be described as particles and waves, a fact commonly known as wave-particle
duality and also valid for larger, massive objects [11]. Despite this common ground, in
everyday life as well as in most experiments, light and matter act completely different
and can be distinguished well by their diverse properties. This was also emphasized
in the 2012 Nobel Prize in Physics press release: “David Wineland traps electrically
charged atoms, or ions, controlling and measuring them with light, or photons. Serge
Haroche takes the opposite approach: he controls and measures trapped photons, or
particles of light, by sending atoms through a trap. Both Laureates work in the field
of quantum optics studying the fundamental interaction between light and matter, a
field which has seen considerable progress since the mid-1980s.” [16].

Indeed, nowadays, the interaction of light and matter is the subject of investigation
in a large variety of experiments. Decisive for the development of the field was the
invention of the laser! [9]. The unique properties of laser light, for example its
spectral narrowness, are in fact mandatory for many experiments and exploited in a
manifold of different techniques from laser cooling of atoms [15] to high resolution
spectroscopy [13].

Despite the scientific potential comprised in the interaction processes, their math-
ematical treatment is—at first glance—fairly simple and often relies on quantum
mechanical perturbation theory. In fact, the interaction of monochromatic light with
an atom is one of the basic examples of such approach in undergraduate textbooks.
The approach uses the fact that the electric field associated with the light is small
compared to the electric field that keeps the electrons bound.

In laboratories, this condition is often, but not always fulfilled. Remarkably soon
after the invention of the laser itself, techniques were invented allowing the temporal
confinement of the emitted laser radiation and thus the creation of “giant” light
pulses [10]. Additional spatial confinement by focussing these pulses onto a target

ILight amplification by stimulated emission of radiation.
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2 1 Introduction

soon provided intensities with corresponding electric fields that were equal to or
even exceeded the atomic fields. It is no surprise that a perturbative treatment of the
interaction between the laser field and an atom breaks down in this situation, and the
seemingly simple task to describe the problem becomes tremendously complicated.

Although quantum mechanics provides the appropriate equation to describe the
problem, the time-dependent Schrodinger equation, finding its full numerical solu-
tion is—even with today’s fastest computers—only possible for very specific, fairly
simple problems. In addition, if such a solution is found, the calculation usually
only returns a final result rather than an intuitive picture of the underlying processes.
However, those simple pictures are desirable since they often help to predict and
understand important aspects of the light-matter interactions.

In 1965, Keldysh investigated the ionization process in strong electromagnetic
fields using an alternative approach of treating the laser field classically [7]. In this
work, the area of strong-field physics was divided into two regimes, a separation
which still persists. One side, commonly known as the multiphoton regime, is asso-
ciated with rather low intensities and/or short wavelengths. Here, the binding energy
of the electron is large compared to the ponderomotive energy, the cycle-averaged
kinetic energy of a free electron in the laser field. The opposite is the case for high
intensities and/or long wavelengths in the funneling regime. As suggested by the
names, the characteristics of the ionization process can be described most appro-
priately either by the absorption of several photons or a tunneling process of the
electron, respectively.

Since then, much effort has been spent to refine and extend the classical treatment
of the interaction. In the tunneling regime, the interaction between the laser and the
electron after the tunneling process turned out to be extremely important for under-
standing the strongly enhanced rates for double and multiple ionization obtained in
moderately intense laser fields [8]. Usually, the full treatment still involves quantum
mechanical tunneling as a first step and a subsequent classical treatment of the freed
electron which resembles a fairly good approximation. Due to this combination of
quantum mechanics and classical physics, the approaches are commonly referred to
as “semi-classical models”. Important milestones are the ADK theory, e.g. [1, 12,
14], and the extension to three steps in the three-step model [3] that also considers
the possible recollision of the electron with its parent ion. It is this recollision which
gives rise to the enhanced rates for double and multiple ionization as well as to other
interesting phenomena, such as the generation of highly energetic radiation and the
formation of extremely short light pulses with durations of down to 100 as®> and
below [17].

Despite the progress, many questions remain. One of them is related to the region
“in between” the two regimes, in which neither the tunneling nor the multiphoton
picture seems to be valid and where, in fact, most of the experiments are carried out.
When coming from the tunneling regime and approaching shorter wavelengths and
thus faster and faster oscillation of the field, one may ask, up to which point tunneling

20ne attosecond (as) equals 107185,
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can be treated adiabatically, hence neglecting the temporal variation of the field during
the process. This question is still controversially discussed [2, 6]. Another question is
related to the momentum distribution of the electrons right after the tunneling process,
before being accelerated by the laser field. Although different models predict certain
momentum distributions, their explicit experimental validation is pending.

However, promising new experimental techniques such as the attoclock technique
[5], provide an astonishing level of detail on information about the process of tunnel
ionization. For example, few tens of attoseconds were experimentally found as an
upper limit for the tunneling time—the time the electron needs to tunnel out—in
helium [4]. Similar to conventional streaking techniques, the temporal information
is mapped onto spatial coordinates. For each time of ionization, associated coordi-
nates can be calculated and the experimental data are interpreted with the reversed
relation. These calculations require detailed knowledge about the initial momenta
of the electrons which is—as described above—currently only available in terms of
theoretical predictions from models. One of the aims of this work is to experimentally
test these models.

In this thesis, the ionization of atoms and small molecules in strong laser fields
is experimentally investigated by utilization of a highly advanced momentum spec-
trometer: the reaction microscope. Chapter2 gives a brief overview about the math-
ematical description of ultrashort, strong laser pulses and their technical creation.
Furthermore, the specific laser system and the pulse manipulation techniques utilized
throughout this work are described. Following this, Chap. 3 focusses on the interac-
tion of intense laser pulses with matter, in particular on the description of ionization
processes in atoms and molecules. The reaction microscope and its working principle
is treated in Chap. 4.

Afterwards, the experimental results are presented, divided into three parts. In the
first, Chap.5, common theoretical models about the electron momentum distribu-
tion directly after the tunneling process are explicitly tested. This is done by using
ultrashort pulses in a pump-probe scheme and a coherent superposition of electronic
states in singly ionized argon as initial state for further tunnel ionization.

The subject of the second experimental part, presented in Chap. 6, is the interaction
of strong laser pulses of different wavelengths with noble gas atoms, namely krypton
and argon. Tuning the wavelength by utilizing an optical parametric amplifier and
nonlinear crystals for frequency mixing enables the observation of characteristic
changes in the electron momentum distributions and the ionization process while
approaching the tunneling regime. Furthermore, the excitation of doubly-excited
states of the atoms is proven and investigated.

In the last part, presented in Chap.7, a similar investigation is performed for
the most simple molecule existing, H,. In addition to pure ionization, this system
features different dissociation channels. The reaction microscope enables their sepa-
ration and thus offers channel-selected electron momentum distributions at different
wavelengths. The results of all experiments presented in this thesis are summarized
in Chap. 8, where future perspectives are also discussed.
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Chapter 2
Strong Laser Fields and Ultrashort
Laser Pulses

The creation of strong laser fields is closely related to the formation of short laser
pulses giving access to very high intensities while keeping the average power of
the laser system on a moderate and thus experimentally feasible level. Usually, in
addition to this strong temporal confinement of the energy, the laser beam is also
focussed spatially. This chapter gives an overview about ultrashort laser pulses and the
strong fields they are associated with. It is organized as follows: First, in Sect. 2.1 the
mathematical framework as commonly used for the description of short laser pulses
is summarized. It also covers the properties and the description of electromagnetic
fields in laser resonators and in particular the concepts underlying mode-locking as a
key technique in modern ultrashort pulse generation. Here, the focus lies on Kerr-lens
mode-locked Ti:sapphire' laser systems since these represent the standard table-top
system used in many laboratories as well as in the experimental setup used in this
work. Then, in Sect. 2.2, the specific laser system and subsequent pulse manipulation
techniques as used in this work are discussed involving also the treatment of important
nonlinear effects in matter.

2.1 Mathematical Description of Laser Pulses

This section gives a short summary about the mathematical description of short
laser pulses. It follows the descriptions which can be found in standard laser physics
textbooks, e.g. [4, 8, 11, 21, 40]. Particular information about ultrashort laser pulses
and the associated phenomena are reviewed e.g. in [5, 10, 18, 22].

If the polarization and transverse properties of a laser beam are neglected, mono-
chromatic light emitted from a laser system can be characterized at any (fixed) point
in space by its oscillating electric field E(r) = Re{E exp [iwt]} [9, Sect.7.3] where
E is the field amplitude and wy, the angular laser frequency. The continuous wave

I Titanium-ion doped sapphire (Ti:Al;O3).
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6 2 Strong Laser Fields and Ultrashort Laser Pulses

oscillates with constant amplitude and the laser thus represents the extreme antonym
of a suitable system for the generation of ultrashort pulses. In fact, lasers with an
emission characteristic close to this hypothetical system, as e.g. the Helium-neon
laser (HeNe laser) are commonly referred to as continuous-wave (cw) laser systems.
To extend the description to non-monochromatic laser sources, an arbitrary spectral
amplitude E(w) of finite width is introduced and the resulting field may be described
as, see e.g. [40, appendix G],

E(t) = Rel \/Lz_ﬂ / ~ dwE (w) exp[iwt]] (2.1)
= ReI \/12_7r /_ : dwA (w) expli(wt + cp(w))]} , (2.2)

where the factor !/v2r preceding the integral is arbitrarily chosen. The complex field
amplitude E (w) = A(w) explip(w)] is not accessible in the experiment, however,
the spectral intensity / (w) = E*(w) E (w) may be measured with a spectrometer. In
contrast, A(w) is real, representing the modulus of a complex number. In particular
Eq. (2.2) allows a fairly intuitive interpretation: The total electric field E(¢) is formed
by a continuous superposition of harmonically oscillating fields with individual con-
tributions to the total field characterized by an amplitude A(w). In addition, each of
the contributing fields may have an individual phase shift ¢(w). Equation (2.1) can
be directly identified with the Fourier transform [6, Sect. 15.3.1.2], relating E(¢) in
the time domain with E (w) in the frequency domain:

Et)=F {E(w)}. 2.3)

The inverse transformation is then given by

Ew) = [ E(t) dr E(t) exp[—iwt]. (2.4)

-7 L.

The special case of monochromatic radiation can easily be obtained from Eq.(2.4)
with E(w) = 6w -w)/y2r. Further details about the mathematical treatment can be
found in literature, e.g. in [10, 40], and will not be discussed here in detail.

The Fourier transform, connecting the spectral and the temporal representation of
the laser field, causes an intrinsic and fundamental connection between the spectral
width? Aw and the minimum pulse duration A7 achievable. If Gaussian profiles
are presumed, E(f) o< exp[~41n@7*/ar2] and E(w) o< exp [-41n@«?/au2], Eq.(2.1)
yields
At = 81n(2).

Aw’

2.5)

2The term “width” is used here and in the following as a synonym for “full width at half maximum”
(FWHM).
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However, due to the important role of the intensity / = E 2 in the interaction with
atoms and molecules, see Sect. 3.1, often the temporal and spectral distributions I(¢)
and I(w) are of more interest than the electric fields. If the width of these distributions
is denoted with A7p and Aw, respectively, it follows directly from the properties of
the Gaussian distribution A7y, = V2A7r and Aw' = v/2Aw and thus with Eq.(2.5):

o A
= (2.6)

Although discussed here for the special case of Gaussian profiles, similar relations
of the form A7p = const/aw can be established for other distributions, see e.g. [40,
Sect.8.6.1]. It can be concluded that the duration of the pulses is generally limited
by the spectral width of the laser system. It should be noted that E(w) was chosen
as a real value, thus ¢ (w) = 0. As will be shown in the following section, any
other choice of the phase will either not influence or lengthen the pulse duration.
In the example above, however, the pulse duration is limited only by the bandwidth
of the laser and the mathematical property of the Fourier transform, therefore such
ideal laser pulses are commonly called Fourier-limited pulses. The discussion of
the monochromatic laser at the beginning of this section can now be put in simple
equations: From Aw = 0 follows with Eq. (2.6) A1 = oo.

2.1.1 Laser Pulses as Superpositions of Resonator Modes

For the generation of short laser pulses, the additional constraints arise due to the
resonator introducing boundary conditions for the electric field. In a resonator of
optical length d with infinitely large planar end-mirrors the condition is simply given
by«/2r = 4¢/2a where g > 0is aninteger number and ¢ the speed of lightin vacuum [8,
Sect.2.1]. The stationary field configurations in the resonator, commonly known as
resonator eigenmodes or simply resonator modes, are given by standing plane waves
fulfilling the condition for an arbitrary choice of g. In addition, the resonator modes
are fully characterized by this number. However, for resonators with finite mirror
diameters, the situation is substantially different. Caused by continuous diffraction
losses which depend on the distance to the resonator axis, planar waves are no longer
eigenmodes, see e.g. [8, Sect.5.2.2].

For symmetric confocal resonators with spherical mirrors, where d is twice the
focal length of the mirrors, new solutions have been found analytically, first for
the special case of identical square resonator mirrors [2], later for more general
configurations including circular shaped mirrors [3]. These solutions are commonly
referred to as transverse electromagnetic modes (TEM modes), characterized by
three integer numbers g, m, n > 0 and denoted as TEM,, ,, 4, see e.g. [8, Sect.5.2.3].
The transverse field amplitude in the modes is characterized by m and n and is of
Gaussian shape for all TEMj o , modes which are usually called fundamental modes.
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The frequency depends on all three numbers and is, in the case of identical circular
resonator mirrors in confocal configuration, given by [2, 3]

2.7)

woc q+ %(Zm 4+ n+ 1) circular mirrors
2 2d

g+ 3m+n+1) square mirrors.

Obviously, in both cases, different TEM,, , , modes comprise the same frequency
and thus are energetically degenerated. Compared to the hypothetical case of infi-
nitely large mirrors mentioned before, new frequencies are accessible for appropriate
combinations of m and n with 2m +n 4+ 1 and m + n 4 1 being odd for circular
and square mirrors, respectively. These frequencies are centered right in the middle
between those of the fundamental modes. Thus, the frequency difference between
two adjacent modes of the resonator, the free spectral range (FSR) is given by [8,

Sect.5.2.8]
OWFSR c
= —. 2.8
2 4d 2:8)

Since non-fundamental modes exhibit intensity profiles less confined on the resonator
axis, an appropriate aperture or choice of the ratio between the mirror diameters and
d can be used to increase their relative diffraction losses and thus to force the laser
into the fundamental modes, see e.g. [21, Sect.8.1.]. For convenience, the absence
of non-fundamental modes is assumed in the following, m = n = 0. The frequency
difference between two adjacent fundamental modes oscillating in the resonator is

given by [8, Sect.5.2.8]

ow OWESR c

T 29

2T 27 2d 29)
Provided, the amplification by the active laser medium is sufficiently high, all res-
onator modes in a certain spectral range may contribute to the formation of the overall
electric field emitted by the system. If the emission spectrum of the active medium
is assumed to be of Gaussian shape centered around wy with a width Aw fulfilling
dw « Aw < wy and the phase relation between adjacent modes is further assumed
to be constant, d¢ = const, the total field Eq. (2.2) can be written as [40, Sect. 8.6.1.]

1
2T

Eit) = Re[ z A(wg + 16w) exp [i((wo + low)t + l&p)]]

I=—00

%

:Re[ 27r( Z A(wo + 16w) exp [i15p] exp [iléwt])exp [iwot]}

l=—00

¥

ReIEA(t) exp [iwot]] . (2.10)

In the last step, the expression in brackets was identified as a discrete version of the
Fourier transform and the existence of an appropriate function A(¢) was deduced.
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As derived e.g. in [40, Sect.8.6.1.], the electric field is oscillating with a carrier
frequency wy and is modulated in amplitude by a time-dependent function A(t)
commonly referred to as pulse envelope. Further, for the separation of the pulses in
time 7 and their duration A7 it can be derived [40, Sect.8.6.1.]

T =250 @2.11)
AT = 410/ aq, (2.12)

From Egs.(2.11) and (2.9) follows 7 = 24/ meaning that the repetition rate of
the laser system is simply determined by the round-trip time of the laser pulses in
the resonator [40, Sect.8.6.2]. Equation (2.12) is identical to the previously found
general expression, Eq. (2.6). From this it can be concluded that the superposition of
resonator modes with constant phase differences of adjacent modes produces Fourier
limited pulses. This situation is commonly referred to as mode-locked operation of
the laser. In suitable materials, as e.g. Ti:sapphire crystals, Aw can be large enough to
cause simultaneously significant amplification for a certain wavelength \; and even
its second harmonic A, = 2\; [12] which is commonly called an octave-spanning
spectrum. In this situation, A7 can become very short, even of the same order of
the oscillation period of the electromagnetic wave itself. Such pulses are commonly
referred to as few-cycle pulses [5]. It is noteworthy that the peak intensity in such
laser pulses is proportional to the square of the number of modes contributing, see
e.g. [40, Sect.8.6.1.].

The most general form for the phase (w) guaranteeing the generation of Fourier
limited pulses is given by

pw) =pwo) +a- (w—wo), (2.13)

where a is a constant and the function ¢ (w) is only evaluated for the discrete resonator
frequencies. This equation may be interpreted as a Taylor series [6, Sect.6.1.4.5] of
an arbitrary function ¢ (w) around wy up to the first order. It is self-evident and often
also convenient to extend this to

0 1 o
W) = p(wo) + % (Ww—wo) + 5 aif;u) (W —wo)® + Ow?),

wW=wy wW=wo

(2.14)

see e.g. [35, Sect.9.1]. The influence of the different terms on the shape of the
generated pulses are displayed in Fig. 2.1 calculated for a model resonator and active
medium. Although the number of modes contributing is much less than in a typical
laser setup for ultrashort laser pulses, general qualitative features can be studied. The
figure depicts eight spectral field distributions A(w) of Gaussian shape evaluated at
the positions of the resonator modes (blue line and dots in left pictures). The spectral
phase p(w) is shown in green. E(¢) is then calculated with Eq.(2.10), where the
summation can be restricted to a finite number of modes with significant amplitudes
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without noticeable change of the result. E(¢) is shown on the right as a blue line,
while the red line shows the envelope function calculated by replacing Re{} by Abs{}
in Eq.(2.10).

In Fig.2.1a, the width of the emission spectrum is fairly narrow such that only
three modes significantly contribute to the total electric field, resulting in a beat
frequency. The phase in this example is globally set to zero, p(w) = 0. If the
spectrum is chosen broader and broader along (b) and (c), well separated pulses arise
which become shorter and shorter. The electric field shown in (c) represents a few-
cycle Fourier limited pulse. If a constant global phase is added as done in (d), where
p(w) = —m, the envelope and thus the pulse duration is not affected. However, the
phase offset between the carrier wave and the envelope, commonly referred to as
carrier-envelope phase (CEP), see e.g. [5, 29, 32], is altered. Since CEP effects are
not explicitly studied in this work and their presence only used as an indicator for
the pulse duration, see Sect.2.2.2, the influence of the constant phase on the electric
field is ignored in the following.

(a) ' _ . _ (e)

[arb.u]

[arb.u.]

[arb.u.]
—)

[arb.u.]

w [alib.u.} t [arb.u.] w [arb.u.] t [ar.b.u.]

Fig. 2.1 Examples for electric fields created by superpositions of resonator modes. Each figure
contains of two plots: In the left, the spectral amplitude A(w) and the spectral phase (w) are
shown in blue and green, respectively. The functions are evaluated at the discrete frequencies of
the resonator modes. In the right picture, the resulting electric field is shown in blue, the envelope
function in red, see text for details



2.1 Mathematical Description of Laser Pulses 11

As discussed earlier, even a linear trend in ¢(w) guarantees the generation of
Fourier limited pulses, see Eq.(2.13). This situation is depicted in Fig.2.1e, where
the pulses from (c) are exactly reproduced despite being shifted on the absolute
timescale. Apart from this, the spacing between the modes was decreased, modeling a
lengthening of the resonator, see Eq. (2.9). Consequently the round-trip time increases
such that the preceding and the following pulses are not visible in the picture any
further. For a quadratic trend in ((w), however, the situation changes substantially.
Even though the spectral amplitudes are identical to the previous case, this phase
relation leads to much longer pulses as depicted in Fig.2.1f, g. In addition, the
frequency of the carrier wave changes along the pulse which is commonly known as
chirp, see e.g. [35, Sect.9.1]. Finally the case of a random phase relation is shown
in (h). The electric field produced seems to be chaotic, nevertheless it is still periodic
and each of the occurring peak-like structures has a duration comparable to the well
separated, Fourier limited pulses in (c), see e.g. [40, Sect. 8.6]. In order to make the
effects more visible, the frequency spacing of the modes is chosen larger again, as
in (a)—(d).

In conclusion, the generation of ultrashort laser pulses requires not only the con-
tribution of many modes with different frequencies but also a fixed phase relation
between the different modes as close as possible to Eq. (2.13), the ideal mode-locking
condition. In reality, the situation becomes more difficult since optical elements in
the beam path and even the air traversed on the way to the actual experiment will
certainly change the phase relations due to dispersion, see Sect.2.1.2.

Kerr Lens Mode-Locking

Different techniques have been developed to obtain mode-locked laser operation
for the generation of ultrashort pulses. For an historical review see e.g. [18]. One
example mentioned there is the Kerr lens mode-locking (KLM), an approach based
on the nonlinear optical Kerr-effect in suitable transparent materials. It is widely
exploited in Ti:sapphire laser systems and will be discussed in the following.

Although mode-locking is defined and described in the frequency domain, namely
with the condition from Eq.(2.13) for adjacent resonator modes, it is feasible and
convenient to switch to the time-domain picture: As shown in the previous section,
perfect mode-locking occurs if, and only if, the associated laser pulses are Fourier
limited. Therefore, if a process inside the resonator is capable of shortening the pulses
such that their duration approaches the Fourier limit, the phase relation between the
modes will adapt and converge to the associated phase relation.

The basic idea for efficient mode-locking is therefore to artificially lower the qual-
ity of the resonator and thus increase the losses for any continuous components of the
wave, currently present in the resonator [40, Sect.8.6.3.2 and Appendix F.2]. Any
spiked structure generated in the initially random spontaneous emission of the active
medium will gain energy quickly and—after some round-trips in the resonator—
may form a short stable pulse. The largely differing peak intensity in the pulsed field
configuration can be utilized in this respect in different passive mode-locking tech-
niques. For example, a suitable absorbing material, a fast saturable absorber, may be
inserted into the resonator, absorbing the laser radiation but being saturated and thus
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transparent for high intensities [40, Sect.8.6.3.2 and Appendix F.2]. The saturable
absorbance may also be included in the resonator end-mirrors using semiconductor
saturable absorber mirrors (SESAM) [20].

KLM is likewise a passive mode-locking technique but relies on the non-linear
optical Kerr-effect, see e.g. [40, Sect.8.6.3.2] and thus on refraction rather than
absorption. For low field intensities the definition of the refractive index ng = ¢/vu())
as a function of the phase velocity of the light v, (M) and therefore the wavelength
A is a very good approximation. In contrast, in very strong fields, the refractive
index shows an additional dependence on the laser intensity /(¢) and is given by [40,
Sect.8.6.3.2]

n(t) =ng + noI(1). (2.15)

The second order index of refraction n, in this expression is a (very small) posi-
tive constant. Typical values are around 10~*cm?/W to 10~"7cm? /W, see e.g. [4,
table4.1.2], such that the second order term is negligible for low intensities.

With increasing intensity, however, the influence of the second terms grows and
for ultrashort strong field can become significant. If a TEMj g 4, pulse with a Gaussian
transverse intensity distribution travels through a non-linear medium inside the res-
onator, Eq. (2.15) causes a refractive index that changes over the transverse coordi-
nate. Effectively, for n, > 0 a spherical lens is formed, focusing the beam towards
the resonator axis [40, Sect. 8.6.3.2]. This is commonly referred to as self-focusing.
An aperture or an appropriate geometry of the resonator itself can be used in order
to suppress any continuous field components.

If an aperture is present or the geometry of the resonator itself is appropriately
chosen, the focusing is required for a sufficient reduction of losses and therefore
pulsed field components are favored in the resonator. In each round trip of the pulse,
the leading and trailing edge are suppressed due to their lower intensity and the pulse
gets shortened [21, Sect. 10.2.2]. One advantage of KLM is the almost instantaneous
response of the medium [40, Sect. 8.6.3.2]. Moreover, in particular for Ti:sapphire
laser systems, it is beneficial that the laser crystal itself may serve as a non-linear
medium for the optical Kerr-effect [19].

2.1.2 Dispersion in Matter

In particular for short laser pulses, dispersion in matter is an important issue due
to their large bandwidth according to Eq. (2.12). While traveling along ¢, through a
transparent material, a short laser pulse accumulates a spectral phase of [35, Sect. 7.2]

Z, (2.16)

where n(w) is the refractive index of the material and ¢ the speed of light in vacuum.
Since the carrier frequency wy even of few-cycle pulses is large compared to their
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Table2.1 Definition of phase velocity, group velocity and group velocity dispersion and the relation
of this values to (Eq.2.17) as found e.g. in [35, Sect.9.1]

Quantity Relation
Phase velocity Uph wo/A
Group velocity Vg /B
Group velocity dispersion GVD C

spectral width dw and the refractive index usually sufficiently smooth, this expression
can be approximated by a Taylor expansion, cf. [35, Sect.9.1]

0P (w) 1 9?°®(w)
(@) = (wo) + —- w:w(ow —wo) 5 o w:w(ow —wp)? + Ow?).
—— ——————— ——————
A B C

(2.17)

The three factors A, B and C depend on the characteristics of n(w) and are—for
fixed wy—material constants. Usually, the related quantities listed in Table2.1 are
used for characterization.

The influence of such phase functions on the pulses and their duration was already
depicted in Sect.2.1.1. In particular in the design of femtosecond laser systems
also higher orders as the third order dispersion (TOD) have to be considered and
compensated as accurately as possible, see e.g. [5]. Furthermore, if the phase function
is not sufficiently smooth on the scale given by Aw, a (low-order) Taylor expansion
might be a less good approximation. Instead, ®(w) can be derived from n(w) which
is often well characterized. The pulse shape and duration can then numerically be
calculated according to Eq. (2.2). After all, dispersion in media may lead to temporal
broadening of short pulses and therefore has to be compensated (or precompensated)
in order to obtain short pulses in the experiment.

2.1.3 General Properties of Focussed Laser Beams

Laser beams can be focussed onto a well defined spot using lenses or curved mirrors.
Not only the maximum intensity achievable but also a detailed knowledge about the
intensity distribution near the focus, the “shape” of the focal volume, is desirable
for two reasons: First, the interaction processes between light and matter strongly
depends on the intensity, see e.g. Sect.3.1. Thus, in the case of a gas jet of finite
diameter where the laser is focussed on (see Chap.4), not all atoms will experience
the same laser intensity. In fact, an intrinsic averaging over different intensities is
present which has to be considered in the interpretation of the data, see e.g. [30].
Second, the geometry of the laser focus is important for the experiment since it defines
the interaction region as the spatial overlap with the usually much more extended
gas jet, see Sects.4.1.2 and 4.3.


http://dx.doi.org/10.1007/978-3-319-32046-5_3
http://dx.doi.org/10.1007/978-3-319-32046-5_4
http://dx.doi.org/10.1007/978-3-319-32046-5_4
http://dx.doi.org/10.1007/978-3-319-32046-5_4
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The intensity of a laser beam can, if exclusively fundamental modes are consid-
ered, be described by a Gaussian transverse profile as seen in Sect.2.1.1. In case of a
focussed beam this still holds at any position z( along the laser propagation direction
¢,. However the beam diameter then depends on z,. A focussed beam can therefore
be described with [11, Sects. 12.2 and 12.3]

2
L (r) = I™ . exp| ——2" (2.18)
’ 0 wX(z0)

with

w(z) = woy/ 1 + /2, (2.19)

wo = M/xRy, (2.20)
ZR = WoT/A, (2.21)

Here, r is the transverse spatial coordinate perpendicular to ¢,, A the wavelength
in the beam, f the focal length of the lens or mirror, R; the radius of the laser
before focusing and z the Rayleigh length, the distance along ¢, between the waist
of the focus and the point, where its diameter has increased by a factor of /2. At
this position the intensity has decreased to !/2 of the peak intensity as present in
the center of the focus. In contrast to this, wyg = w(z = 0) describes the transverse
distance from the center of the focus to the radius, where the intensity has decreased
to l/e? & 1/7.4. Although both parameters describe the dimensions of the laser focus
it is important to keep in mind that they can not simply be related to each other.

13 denotes the intensity on the beam axis in the plane defined by z = zo. An
integration of Eq.(2.18) over ¢ and r in each of this planes has to yield the same
value since the total power of the radiation is preserved. Therefore it is /7% =
(Wo/w(z))? 1™ where ™ = [ 20 is the global maximum of the laser intensity. The
intensity distribution in the laser focus is thus given by [31, Sect. 2.2]

1z, r) = I™ (ﬂ)zex [—2—r2} (2.22)
Z,r) = u)(z) p wz(z) . .

This expression is plotted in Fig.2.2 for typical parameters of the experiment,
namely A = 790nm, f = 7cm, R; = 0.5cm. Solid red lines represent w(z). The
intensity distribution is much more elongated in the propagation direction of the laser
than perpendicular to it. Note that the distance shown along z in Fig.2.2 is 20 times
larger than the one shown along r. To emphasize this characteristic feature of laser
foci, curves of equal intensity can be calculated. Demanding I(z, r) = o™ with
a € [0, 1] in Eq. (2.22) yields [31, Sect. 227

3The original equation contains a typing error which is corrected here.
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Fig. 2.2 Intensity distribution in a Gaussian laser focus according to Eq. (2.22) with lines of equal
intensity (black solid lines) calculated with Eq.(2.23) for (from origin) o = 0.8, 0.6, 0.4, 0.2,
respectively. The positions where the intensity has dropped to 1/e? is shown as red dashed line. The
parameters used in the calculations are A = 790nm, f = 7cm, Ry, = 0.5cm. The red solid lines
denote u(z) calculated with Eq.(2.19). A similar calculation and illustration of the contour lines
can be found in [31, Sect.2.2]

2
r%(z) = £Re lwz(z)ln l(ﬂ) ) (2.23)
2 a\w(z)

The contour lines defined by this relation are shown in Fig.2.2—starting from the
origin outwards—for o = 0.8, 0.6, 0.4, 0.2, respectively. The typical extent of the
focus with respect to z and r can be calculated with oy = /2, shown as dashed red
line. The condition r*(z) = 0 and the calculation of »*°(0) thus yields

Ar = 2wy ~ 7.0 um,

Az =2zpy/(e* — 1) ~ 250 pm. (2.24)

Note that Ar also denotes the diameter of the laser focus in radial direction rather
than the radius. After all, the circumference of the focus along the direction of
propagation is much larger than its transverse diameter. As can be seen from Eq. (2.20)
and Eq.(2.21), both quantities are proportional to . Therefore, light with shorter
wavelengths can be focussed “harder”, in the case of A\ = 395 nm for example, onto
a spot of half the extension in each direction. The relations in this section are only
valid for laser beams with perfect Gaussian beam profile. However, real laser beams
often show deviations from this ideal situation which is usually described by a value
M? > 1 (= 1 for a Gaussian profile), see e.g. [11, Sect. 12.5]. As a consequence, the
focus dimensions are usually larger than described by Eq.(2.24). Since the aim of
this section is more the qualitative description than the derivation of exact numbers,
this more complex situation is not treated here.



16 2 Strong Laser Fields and Ultrashort Laser Pulses

2.2 Laser Pulse Generation and Manipulation

For the different experiments presented in this thesis, laser pulses of different duration
and central wavelength are required. However, in each case, the first step is the
generation of strong ultrashort pulses with a commercial femtosecond laser system.
These pulses are then modified in different subsequent processes in order to achieve
e.g. shorter pulse durations or a different central wavelength.

2.2.1 The Femtosecond Laser System

In all experiments presented in this thesis a commercial FEMTOLASERS “FEM-
TOPOWER compact PRO HP/HR” Ti:sapphire* laser system is used as a source
for strong and ultrashort laser pulses. General information about Ti:sapphire laser
systems can be found e.g. in [10, Sect. 6.7.2] and [40, Sect. 9.2.8]. The specific infor-
mation about the system used in the experiments are compiled from [14, 15]. The
system consists of a mirror-dispersion controlled Ti:sapphire oscillator [37] produc-
ing ultrashort (<10fs), close to Fourier limited, but weak pulses at a high repetition
rate. These pulses are stretched in time and subsequently amplified in a second
Ti:sapphire crystal in a chirped pulse amplification (CPA) scheme [39]. With this
technique, damage of the Ti:sapphire crystal in the amplification stage is prevented as
it would occur otherwise due to the extreme intensities and thereby caused non-linear
effects.

In a multi-pass setup, the laser beam is guided through the amplifier crystal. After
the fourth pass, the repetition rate is reduced to around 3 kHz by a Pockels cell. Thus,
most of the pulses are suppressed and only one pulse is further amplified in every
shot of the pump laser. A description of a very similar amplifier system can be found
in [25]. The strong but temporally stretched pulses are compressed in a subsequent
prism compressor where a complex interplay of optical prisms and chirped mirrors
provide a negative refraction index and at the same time correct for higher order
dispersion [36]. The pulse duration is specified to less than 30fs, the pulse energy
to larger than 800mlJ. Gain narrowing, the reduction of the spectral width in the
amplification process, see e.g. [10, Sect.7.2.2], mainly causes the increase of the
pulse duration compared with the output of the oscillator. In Fig. 2.4a and b, the two
spectra can be compared. The overall dispersion of the laser pulses is controlled
by third-order dispersion (TOD) precompensation after the oscillator and careful
adjustment of the compressor stage. Thus, close to Fourier limited pulses are emitted
by the laser system.

“Titanium-doped sapphire (Ti:Al,03).
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2.2.2 Generation of Few-Cycle Pulses

In the pulses emitted by the laser system, the electric field fulfills more than ten
oscillations with a periodicity of approximately 2.6 fs. Even shorter, few-cycle pulses,
where the pulse duration is in the same order of the field periodicity, see e.g. [5], can
be generated in a subsequent process [33]: Since the minimum pulse duration of the
pulses delivered by the laser system is limited mainly by the width of the spectral
profile, the first step towards shorter pulses is the generation of additional wavelength
components. For this, a nonlinear optical effect namely self-phase modulation (SPM),
see e.g. [4, Sect.7.5], in a gaseous medium is utilized. Afterwards the pulses can be
compressed with specifically designed chirped mirrors.

Spectral Broadening by Self-Phase Modulation

In Sect.2.1, the optical Kerr effect was discussed causing an intensity-dependent
refractive index, Eq.(2.15):
n(t) =ng+nyl(t).

If the dispersion experienced by an initially Fourier limited TEM, o , pulse, while
traveling through a medium of length L with n, > 0 € 3N, is neglected, the accumu-
lation of a phase is the only remaining effect [4, Sect.7.5]:

(1) = —nz%l(t) (2.25)

This time-dependent phase shifts the frequencies in the pulse resulting in [4, Sect. 7.5]

wtt) = wy + 220
o dr
LdI
— wo (1 - nzc—O%> , (2.26)

where w(t) is referred to as the instantaneous frequency in the pulse. In the leading
edge of the pulse, where d/(0/a: > 0, the frequency is shifted towards lower values
while higher frequencies are generated in the trailing edge. Thus, the spectrum of the
pulse is broadened and the pulse itself is positively chirped although the temporal
pulse shape is not changed in the first instance [10, Sect.8.1.1]. However, it is of
course affected by the usual dispersion in the material. In reality, the situation is
much more complex due to effects as self-steepening [4, Sect. 13.3] or finite non-
linear response times [4, table4.1.1] neglected here. A consequence is e.g. the non-
symmetric broadening of the spectrum visible in Fig. 2.4 not covered by Eq. (2.26)
for Fourier limited pulses with symmetric envelope. The enhanced spectral width of
the laser light forms the basis of the generation of even shorter pulses.

In the experimental setup schematically shown in Fig. 2.3, the pulses delivered by
the laser system are focussed onto a hollow-core glass fiber with an inner diameter
of 250 um. By using a lens with a large focal length of about 1.5 m, the laser
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Fig. 2.3 Schematic overview about the setup used for the generation of few-cycle laser pulses. The
pulses delivered by the femtosecond laser system are focussed onto a neon-filled hollow-core fiber
filled with neon. The beam is spatially stabilized using two controlled mirrors and two segmented
photodiodes, see text for details. After spectral broadening by SPM in the neon gas, the laser pulses
pass a /4-plate ensuring linear polarization. Chirped mirrors temporally compress the pulses and
also precompensate for the dispersion on the path to the REMI. Fine-adjustment of the overall
dispersion and pulse-duration is performed by movable glass-wedges
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Fig. 2.4 Typical laser spectra obtained at different steps of the ultrashort pulse generation and their
Fourier limits. a In the oscillator. b After the chirped mirrors and the Mach—Zehnder interferometer
with an empty fiber. Apart from (small) losses on the optical elements this spectrum resembles the
output spectrum of the femtosecond laser system. (c!=V111y Same as (b) but with nonzero, different
absolute neon pressures in the fiber. SPM broadens the spectrum and thus reduces the Fourier limit
of the pulses. In the region of short wavelengths the spectrum is suppressed by the low reflectivity
of the chirped mirrors used
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focus created is very elongated (see Sect.2.1.3) and—since additionally confined in
the hollow center of the fiber—extends to the full fiber length of about 1 m. Over
this distance, the light can interact with neon atoms inside the hollow core, which
represent the nonlinear medium for the SPM process. Since the optimal and stable
incoupling into the fiber is crucial, small spatial drifts of the laser beam over time
have to be efficiently compensated. For this purpose, a focus stabilization system
was built [24]. It contains two four-fold segmented photodiodes where small parts
of the beam are focussed on and thus small drifts can be detected. A computer can
react by small adjustments with two motorized mirrors. A */4-plate after the fiber is
used to ensure linear polarization of the light.

Chirped Mirror Compression

Due to the extremely broad spectrum, the laser pulses are very sensitive to dispersion.
While traveling through optical elements and the air on the way to the spectrometer,
see Chap.4, the different frequencies in the pulses gather an individual phase, see
Sect. 2.1.2. In order to compensate for this, chirped mirrors with an effective negative
dispersion are used [41]. These mirrors are specially designed and coated such that
the red components of the beam can penetrate deeper into the material and thus travel
a longer distance compared to the blue. Three matched pairs of chirped mirrors are
used in the experiment while each mirror is hit twice by the laser beam resulting in
twelve reflexions in total. Fine tuning of the overall dispersion is performed with an
additional small amount of glass, a pair of movable wedges.

Figure.2.4b and ¢/ ~V?!! show spectra obtained after the chirped mirrors for differ-
ent pressures of neon in the fiber. Apart from (small) losses on the optical elements,
(b) resembles the output spectrum of the femtosecond laser system described in
Sect.2.2.1. However, short wavelengths around 500nm and below are suppressed
due to insufficient reflectivity of the chirped mirrors in this range. An approximation
for the Fourier limit of the pulses is given for each of the spectra in Fig.2.4, as it
can be obtained by a calculation of the temporal shape of the electric field accord-
ing to Eq.(2.4)° and a subsequent Gaussian fit to the temporal intensity distribution
associated.

The duration of the pulses delivered by the system was measured to be around 6 fs
before, see [16, 23], using autocorrelation and ZAP-SPIDER® techniques [1]. How-
ever, in order to obtain information about the pulse duration during the alignment
of the setup for few-cycle pulses, in this work a single-shot Stereo-ATI 7 phaseme-
ter [42] was utilized. Detailed information about the setup can be found in [17].
Since the quality of the CEP-signal delivered by this device depends crucially on the
pulse duration [34], it can be used as a qualitative indicator for the pulse duration at
least for alignment purposes, where no accurate value has to be extracted.

5The integral in the expression is replaced by a sum over the binned spectrum.
6Zero—additional—phase spectral phase interferometry for direct electric field reconstruction.
7 Above-threshold ionization.
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2.2.3 Setup for Pump-Probe Measurements

For the time-resolved pump-probe measurements presented in Chap. 5, two pulses
are required with an adjustable time delay with respect to each other. In such exper-
iments, the first “pump” pulse is used to start dynamics in the target system while
the second pulse “probes” the state of the system after a defined and adjustable time
period, during which the system is allowed to evolve freely, see e.g. [28, 38]. For
the creation of the pulse-pair and the adjustment of the time-delay, a Mach—Zehnder
interferometer is used. Detailed information about the setup can be found in [13].
Starting from a single laser pulse, a thin beam splitter is used to create two identi-
cal pulses. Each pulse travels along one of the two arms of the interferometer, see
Fig.2.5. One of the arms is equipped with a piezo-driven stage to move two mirrors
and to adjust the distance s the specific pulse has to travel before the two beams are
recombined by a second beam splitter. The time delay between the pulses can be
controlled with high precision and a spatial shift of the stage by As leads to a shift

in time of A
Ar =222 (2.27)
Cc

where c is the speed of light in air. The setup works for both ultrashort pulses from
the fiber and the pulses delivered directly from the femtosecond laser system.

A At = 2As/c

beam splitter

A N

N\

Fig. 2.5 Schematic picture of the Mach—Zehnder interferometer. The incoming pulses are split
into two identical copies. The time delay of one pulse with respect to the other can be controlled by
adjusting the length of one arm of the spectrometer
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2.2.4 Frequency Doubling and Mixing

Nonlinear effects in suitable materials can be used to generate coherent and intense
pulses at wavelengths not accessible directly for the laser system. Exposed to the
strong fields of a (linearly polarized) intense laser, the electron clouds of the atoms
in a nonlinear medium—e.g. a crystal made from f-barium borate (BBO)—are col-
lectively driven back and forth. If the strength of the laser field is in the same order as
the intrinsic atomic electric fields, large amplitudes are achieved in the driven oscil-
lation. In contrast to very small amplitudes, where the oscillation has approximately
harmonic character, higher orders of the effective potentials become significant. For
a lossless and dispersionless medium, the polarization is given by [4, Sect. 1.1]

Pt) = xXVE®) + xPEX) + XV E(t) + -+
= PO1) + PO0) + PO + -+, (2.28)

where x(V is the linear and x® and x® the second- and third-order nonlinear
susceptibilities.® This relation can be utilized in different experimental schemes to
generate new frequency components, initially not present in the laser spectrum. For
simplicity the following discussion is restricted to monochromatic fields but can in
principle be extended to the broader spectrum of short laser pulses: The phase match-
ing conditions mentioned are then only fulfilled perfectly for the carrier frequency
wo. However, for frequencies sufficiently close to wy, the processes may take place,
although with reduced efficiency [4, Sects.2.2 and 2.7]. Thus, few-cycle pulses with
their very broad spectra are not suitable and in the experiments exclusively the direct
output of the femtosecond laser system is utilized.

Second Harmonic Generation (SHG)

In the simplest scheme possible, the laser pulses delivered by the laser are directly
focussed into the nonlinear crystal. If the electric field is described as E(f) =
E exp(—iwot) + c.c.,’ Eq.(2.28) yields [4, Sect. 1.2]

POt =2xPEE* + [\PE* ¥ tcc]. (2.29)

The spectrum of the time-dependent polarization comprises components with a fre-
quency of 2wy and so does the light emitted. For this reason the process is known as
second harmonic generation (SHG). As depicted in Fig. 2.6, this can be understood as
a transformation of two photons of the incident beam into one photon of the doubled
frequency. In addition to the conservation of energy, a special form of momentum
conservation has to be considered: For an efficient generation of second harmonic

8Since E and P are treated as scalar quantities, the tensor-nature of the susceptibilities x is
omitted [4, Sect1.1].

9This description of the total electric field as a sum of a complex field and its complex conjugated
expression, E(t) = e(t) + c.c., is mathematically equivalent to the description E(r) = Re{e(t)}
used in Sect.2.1.
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Fig. 2.6 Scheme for SHG in a nonlinear crystal. Two photons of the incident laser beam are
converted into one photon of twice the frequency and energy wj . In the energy diagram on the right
the solid line represents the ground state while virtual states, only existent in the presence of the
laser field, are displayed as dashed lines. In addition, the phase matching condition, Eq. (2.30), is
displayed. Scheme according to [4, Fig.1.2.1]

radiation it is necessary that the wavevector mismatch vanishes [4, Sects.2.2 and
2.6]:

nowo niwi
Ak =2ko +ky =2—— + =0, (2.30)
c c

where w; = 2wq and n; is the refractive index of the nonlinear material for the
respective frequency. This situation is commonly referred to as phase matching and
Eq. (2.30) is the associated phase matching condition.

In particular for nonlinear crystals, birefringent properties of the material may be
utilized for this purpose: By aligning the optical axis of the crystal with respect to
the propagation direction of the light, n; can be adjusted [4, Sect.2.7].

In the experiment, a BBO crystal is used to generate second harmonic radiation
from the fundamental 790nm pulses delivered by the femtosecond laser system.
Thus, pulses with a carrier wavelength of 395 nm close at the high-frequency edge
of the visible and the beginning of the ultraviolet spectrum are generated. On one
hand, the SHG process can only be efficient for a relatively narrow spectral region
around the central carrier frequency, which suggests a longer duration for the pulses
compared with those in the incoming beam. On the other hand, SHG is a nonlinear
process and hence depends strongly on the laser intensity. Therefore the leading and
trailing edges of the pulse can be expected to be suppressed and the pulse shortened.

Frequency Mixing: Generation of Sum and Difference (SFG and DFG)

In a modified scheme, laser pulses of two different frequencies, w; and w; (w; >
wy) can be focussed simultaneously into the nonlinear crystal. For the moment,
the availability of pulses with two different carrier frequencies is simply postulated
and will be elucidated later in Sect.2.2.5. In analogy to the treatment of SHG, the
incident beam can be described by E(¢) = E| exp(—iwit) + E; exp(—iwyt) + c.c.
and Eq. (2.28) yields [4, Sect. 1.2]

Pty =2x? (EEf + E2E3) + [ (Efe ™ + E3e ') + c.c ]
+ [2x? (E| Epe 2@t 4 By Ee @7 ycel]. 2.31)
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Fig. 2.7 Frequency mixing (a)
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W1 — Wy = W3

ky— ko = k3

The first two terms reflect SHG processes simultaneously but independently taking
place for the two different frequencies, while the last term is arising from an interplay
between them. It introduces components in the oscillations of the time-dependent
polarization with both the sum w3 = w; + w, and the difference w3 = w; — w; of
the two frequencies initially present. Thus, radiation with theses frequencies may be
emitted, provided that the respective phase matching condition is met [4, Sects. 2.4
and 2.5]

k1 + k2 = k3 for w3 = Wq + wy (232)

The processes are referred to as sum frequency generation (SFG) and difference
frequency generation (DFQG), respectively, and depicted in Fig.2.7. The latter is
remarkable in one important aspect: DFG contains a stimulated process where the
radiation of the incident lower frequency w, is coherently amplified. This unique
feature of DFG offers an efficient way for the creation of arbitrary frequencies,
technically utilized as described in the following section.

2.2.5 Wavelength Tuning Using an OPA System

For creation of pulses with arbitrary carrier frequencies directly from the pulses deliv-
ered by the femtosecond laser system, several nonlinear effects may be combined,
namely SPM followed by DFG and optional subsequent SHG, SFG or DFG. The
experimental scheme presented in the following is refereed to as optical parametric
amplifier (OPA). Here, only a brief description of the working principle is given,
composed from [7] and [4, Sect.2.8].

As discussed in Sect.2.2.2, SPM in non-linear materials can be used for the
generation of frequency components initially not present in the laser beam. Thus, a
continuum of white light can be produced by focusing a part of the laser beam into
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Fig. 2.8 Working principle of the OPA system: The pump beam is delivered by the femtosecond
laser system. A small part of the beam creates a continuum of white light due to SPM in a sapphire
plate. Any frequency generated can serve as seed for an DFG process in a nonlinear crystal. Here, the
energy of one pump photon is used for the amplification of the seed beam and additional generation
of an idler photon. The signal beam is further amplified in a second OPA stage, again producing
an additional strong idler beam. Subsequent frequency doubling (SHG) or mixing (SFG, DFG) of
residual pump, signal and idler beam is optionally possible. A filter finally removes the undesired
frequencies before the pulses are guided to the experiment

e.g. a sapphire plate. A desired wavelength of this continuum may be used together
with radiation of the initial wavelength of 790 nm for a DFG process in a nonlinear
crystal. Since energy conservation has to be fulfilled, the chosen wavelength has to
be larger than 790 nm. In this context it is convenient to refer to the different beams
coupled into the crystal as seed and pump beam, respectively, see Fig. 2.8. A part of
the energy of one photon from the pump beam is used for amplification of the seed
beam by stimulated emission. In addition, a second photon of a different wavelength
is formed using the remaining energy. The process may also be carried out in a two-
step amplification scheme involving two nonlinear crystals, representing a pre- and
a power amplifier. Hence, a signal and idler beam are generated where one is the
amplified seed. In the following—as commonly defined—the signal represents the
beam with the higher photon energy.

By rotation of the nonlinear crystal and thereby achieving phase matching for a
particular combination of signal and idler wavelengths, the carrier frequency of the
generated pulses can be controlled over a large range. After the OPA, pulses with
three different carrier frequencies are usually available: The remaining part of the
pump beam delivered by the laser as well as the signal and the idler beam. Subsequent
frequency doubling or mixing by SHG, SFG or DFG may be used and extends the
region of accessible wavelengths.

In the experiment a commercial Light Conversion “TOPAS-C” OPA system is
used containing two OPA amplification stages and subsequent optional frequency
doubling (SHG) or mixing (SFG, DFG) [26]. Downstream filters containing highly
reflective mirrors for the desired wavelength ensure sufficient suppression of other
radiation. The polarization of the emitted radiation depends on the generation mech-
anism and is either horizontal or vertical after the OPA. Two different periscopes
are used to guide the beam to the REMI such that the polarization is finally aligned
along the spectrometer axis in either case as shown in Fig.4.1.
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Fig. 2.9 Wavelengths accessible with the OPA system for pump wavelength of wg = 790nm.
Different production schemes deliver wavelengths over the full visible to infrared spectrum (ranges
according to “WinTOPAS 3.0.12” control software delivered with the system). In addition, the
harmonic frequency 2wy is shown accessible by SHG of wy

Figure 2.9 gives an overview about the different production mechanisms made
available by the OPA and the accessible wavelengths. It is noteworthy that—in
principle—the full range from around 470 nm to around 13000 nm can be accessed.
However, due to strongly deviating efficiencies of the different processes, strong-
field experiments are restricted to a region below approximately 1600 nm. Before
entering the OPA, the spectrum of the femtosecond laser system is slightly narrowed
to a width of about 30nm around the central wavelength in order to facilitate the
overall phase matching. The signal and idler pulses are expected to have a duration
of 0.7 — 1 times the duration of the pump pulses [27]. Thus, the pulse duration can
be roughly estimated to be at least about 20fs or longer.
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Chapter 3
Ionization in Strong, Ultrashort Laser Pulses

With the invention of the laser in 1960 [65] and the rapid development of the new
techniques in the following decades, extremely strong alternating electric fields be-
came available. For the first time, electrons in atoms and molecules could be exposed
to fields in the same order of magnitude as the ones binding them to the nuclei. In this
section, the basic theories developed in the last decades describing atoms and mole-
cules in strong laser fields are briefly summarized. Section3.1 treats the common
classification of strong-field ionization processes by the definition of two regimes
characterized by the Keldysh parameter: Multiphoton ionization and tunnel ioniza-
tion. Section 3.2 gives a short overview about the standard theory used to describe
the latter in terms of ADK! -theory. Then, in Sect. 3.4, the role of excited states in ion-
ization and excitation processes is discussed followed by a compilation of different
mechanisms leading to atomic stabilization—or ionization suppression—of atoms
and molecules in strong laser fields. Finally, the interaction of molecular hydrogen
with a strong laser field is treated in Sect. 3.5.

3.1 Multiphoton and Tunnel Ionization: The Keldysh
Parameter

The treatment of the interaction of electromagnetic fields with atoms or molecules
is often possible in terms of lowest order (time-dependent) perturbation theory, see
e.g. [58, Chap. VI], [70]. Such a description requires the external fields acting on the
particle to be sufficiently small compared to the atomic fields. In case of the hydro-
gen atom, the latter is simply calculated from the definition of the system of atomic
units to be in the order of 10" V/m, see Appendix A.1. A typical value for atoms
is in general 10° V/m [52]. These values exceed the typical field strengths conven-
tionally available in laboratories by orders of magnitude thus perturbation theory is

I Ammosov-Delone-Krainov.
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widely applicable to a manifold of experiments and effects. The ionization of atoms
by weak electromagnetic radiation is another example, where perturbation theory is
well applicable in terms of Fermi’s golden rule, see e.g. [21, Sect. 1.B.2]. However,
ultrashort laser pulses provide electric fields which typically are in the same order of
magnitude or even exceed the atomic fields. At an intensity of 10'> W/cm? for exam-
ple, commonly available from modern table-top laser systems, the associated electric
field strength is about 107 V/m. A description within the framework of perturbation
theory is not possible any more and different methods have to be applied.

Typically, in strong-field laser-ionization of atoms and molecules, the ionization
potential Ej is large compared to the photon energy delivered by the laser system,
E; > wy.” Single-photon ionization of the system thus is simply forbidden energet-
ically.? The ionization processes taking place in this situation fundamentally depend
on both the intensity and the wavelength: As it was shown in [52] mainly two ioniza-
tion mechanisms are possible, commonly known as tunnel ionization and multiphoton
ionization (MPI), see e.g. [34], each dominating in its “regime” separated from each
other by the Keldysh (adiabaticity) parameter given by

2E;
Y = Wo T (31)

In this expression, I denotes the laser intensity. The processes underlying the ion-
ization are fundamentally different in the multiphoton regime (y > 1) compared
to the tunneling regime (v < 1). For example, expressions for the ionization prob-
ability derived in [52] for 7 <« 1 and v > 1 are significantly diverse. In addition
the question arises, how systems behave in the “intermediate” regime with v ~ 1.
Due to the typical parameters of real laser systems widely used in experiments, this
question is far from being a theoretical problem: Fig.3.1 shows the Keldysh pa-
rameters which can be computed using Eq. (3.1) and atomic data from Table A.2
for an argon atom exposed to typical laser radiation, cf. Sect.2.2. In fact, typical
strong-field experiments are carried out around v & 1 where both mechanisms can
be expected to perform comparably well (or badly). For example, the adiabatic treat-
ment of the usually slowly varying laser field in the tunneling regime breaks down
and non-adiabatic effects have to be considered, see e.g. [6, 47]. However, the ques-
tion, up to which Keldysh parameter adiabatic models perform well, is still heavily
debated, compare e.g. [11] with [49]. It also has to be noted that the description of
the phenomena by only one dimensionless parameter might not be sufficient: While
v — 0 can according to Eq. (3.1) be realized either with / — oo or with wy — 0,
the physical processes caused by respective radiation clearly differ, hence at least
two dimensionless parameters are required for a characterization [82, 83].

2 Atomic units a.u. with 7 = ¢ = m, = 1 are used if not stated otherwise, see Appendix A.1.
3Such processes are possible and investigated at synchrotron and free-electron laser (FEL) facilities
or with table-top high harmonic generation (HHG) techniques, where sufficiently high photon
energies can be provided, see e.g. [88], [84] and [2], respectively.
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Fig. 3.1 Keldysh parameter for argon as a function of wavelength and intensity. For typical wave-
lengths and intensities commonly accessible in experiments «y is around 1. Ionization thus often
takes place neither in the “deep tunneling” nor in the pure multiphoton regime

Considering the cycle averaged kinetic energy of a free electron in a laser field,
the classical ponderomotive energy U, = I /4w§, the expression Eq. (3.1) can be
rewritten as

. (3.2)

see e.g. [9], showing an exclusive dependence of 7y on the ratio between the bind-
ing energy and the energy of the freed electron in the laser field. Figure 3.2 depicts
schematically the two different ionization mechanisms often referred to as “vertical”
(multiphoton) and “horizontal” (tunneling) channels, see e.g. [50]: In the first, the
electron is excited by a subsequent absorption of several photons and thus experi-
ences an excitation along the (vertical) energy axis, see Fig.3.2a. In contrast, tunnel
ionization frees the electron by an extensive, varying modification of the binding
potential, see Fig.3.2b: Due to the comparable strength of the laser and the atomic
field, the combined potential is lowered to a large extend such that the bound electron
can tunnel through the barrier and therefore moves along a “horizontal” trajectory.
The energy of the electron is then changed within the subsequent motion in the laser
field, see e.g. [24]. This motion and in particular the possibility for the electron to
recollide with its parent ion gives rise to interesting phenomena, see Sect.3.3.1. For
completeness it should be mentioned that for too strong fields the tunnel ionization
turns into a third possible mechanism, the over-the-barrier ionization, see e.g. [13]:
The barrier is lowered to a very large extent which allows the electron to simply leave
the atom horizontally “above” the barrier.

As mentioned in [79], the accessible values for v are limited towards both sides
if in an experiment the laser frequency is fixed and only the intensity is varied:
According to Eq. (3.1), a large v requires very low intensities which causes low
count rates and thus poor statistics or simply does not allow the process of interest
to take place. In the opposite direction, towards small values for -, where very high
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(b)

Fig. 3.2 Schematic representation of the different ionization mechanisms as found in many refer-
ences, e.g. [13, 81]. a Multiphoton ionization along the “vertical” channel by simultaneous absorp-
tion of several photons. b Tunneling ionization of an electron through the “horizontal” channel by
laser-induced modification of the attractive Coulomb potential

intensities are needed, saturation effects become distracting: A significant or even
dominating part of the atoms may be ionized with an intensity considerably lower
than the desired intensity either in the outer spatial regions of the laser focus, see
Sect.2.1.3, or already in the (temporal) leading edge of the pulses. For this reason, as
will be shown in Chaps. 6 and 7, a transition from the multiphoton to the tunneling
regime can be performed more conveniently in an experiment by variation of the
wavelength.

The treatment of ionization in the multiphoton regime is closely related to lowest
order perturbation theory of the interaction between atoms and light, see e.g. [41].
One prediction of such calculations is the characteristic dependence of the cross-
section—or ion yield—on the intensity, see e.g. [41],

r~1, (3.3)

were 7 is the number of photons absorbed. As mentioned in [41], most experimental
results indicate the perturbative approach to be inappropriate and in particular a
dependence as predicted by Eq. (3.3) could only be observed for fairly low laser
intensities [32, 57, 63].

3.2 Standard Tunneling Theory: The ADK Theory

Based on the work of Keldysh, a lot of theoretical work was performed in order
to understand the tunnel ionization of atoms and molecules in strong laser fields,
see e.g. [26, 27, 78] for a review and a historical overview. In the following, the
most fundamental and relevant conclusions will be briefly summarized. The standard
equations used to describe tunnel ionization are most often referred to as ADK theory,
named after the authors Ammosov, Delone and Krainov of [3]. However, it has to
be noted that very similar results had been published decades before, in [67, 68,
73-75], see also [78, Appendix 13.3] for further details on the relation between the
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equations in these publications and those known as “ADK theory”. Nevertheless, due
to its prevalence in literature, the expression “ADK theory” is used along with the
associated equations in the following.

The ionization rate in the tunneling regime depends fundamentally different on
the intensity as it is the case in the multiphoton regime given by Eq. (3.3). For linearly
polarized light and not too strong fields the rate of ionization from an atomic state
characterized by the main quantum number #n, the angular quantum number / and the
magnetic quantum number m can (provided / < n and n > 1) be expressed as [3]

. [3Fn*3 72 (2e\* Q@+ 1)+ |m])!
"V wzi ann3 \nx) 20 (m)! (I = |m))!
273\ Imt 273
X (Fn*3) exp |:— 3n*3F] s 3.4)

where F = +/T is the strength of the laser field and n* = Z/+/2E; the effective main
quantum number, considering the situation in complex atoms (n* = n for atomic
hydrogen). In particular, for [ = 1 follows [3]

Lu—o  27° 2 32
e AT F QE)"” > 1. (3.5)

The tunneling process thus heavily favors ionization of electrons from the m = 0
orbital which will become important for the experiment and model presented in
Chap. 5.

The photoelectron momentum distribution can be written as [26, 27]

Wi RE)* QE)'* ,
—3F3 | | €XP| — JZRE

I'(p), p1) x exp|:— (3.6)

where p| denotes the momentum component in the direction of the laser polarization
and p, the component perpendicular to this direction. The three-dimensional distri-
bution which can be obtained is therefore of Gaussian shape with different widths
parallel and perpendicular to the polarization of the laser. Particularly interesting is
the component p, since, in this direction, the electrons are not accelerated by the
laser.

3.3 Quasi-free Electrons in Strong Laser Fields

As already seen in Sect. 3.1, electrons gain no energy “during” the tunneling process
and therefore undergo a “horizontal” ionization scheme. In fact, the electron velocity
in the direction of the laser polarization is often assumed to be exactly zero in the mo-
ment right after the tunneling process, see e.g. [8, 12, 23, 29, 62, 71]. The electrons’
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energy then matches the potential energy curve, see Fig. 3.2. However, alternative
assumptions also exist as e.g. the presence of a certain momentum distribution of
finite width [48, 76] and even a dependence of the respective distribution on the
bound state [50]. However, after the tunneling, the electron is able to gain energy
from the laser field and finally escapes with a finite velocity. Of course, this process
needs to fulfill both momentum and energy conservation. The first is the reason why
the presence of the parent ion is mandatory and the process is not possible for an
electron far away. The sum of the final momenta of electron and ion in the rest frame
vanishes and the two observables are anticorrelated.

Despite the importance of the parent ion, its influence on the electron trajectory
is often neglected in order to simplify the mathematical treatment. This assumption
is based on the argument that the laser field dominates over the attractive Coulomb
field in the relevant spatial regions which is known as strong-field approximation
(SFA), see e.g. [9]. It is obvious that this assumption is in particular good far away
from the ion and for very strong fields while it breaks down for weaker fields and
electron trajectories sufficiently close to the nucleus. However, these trajectories are
of special importance as will be briefly discussed in the following and—despite the
preceding remarks—often are treated within the SFA. Detailed information about
the topics may be found e.g. in [8, 9, 13, 34].

3.3.1 The Three-Step Model

After tunneling induced by a linearly polarized laser, the electron undergoes a sinu-
soidal quiver motion in the field with a mean kinetic energy of U, and may either drift
away from its parent ion or recollide with it. The phase of the laser in the moment of
ionization is determining the subsequent trajectory of the electron which is utilized
in “conventional” streaking experiments, e.g. [53], as well as the recently invented
attoclock-technique [29, 30]. Assuming a vanishing initial momentum along the di-
rection of the laser polarization, the electron momentum in this direction at a time #;
can be written in the SFA as, see e.g. [8],

o) = / " e

fo

= A(ty) — A1), (3.7)

where A (1) is the vector potential associated with the laser field by E(¢) = —0A(t)/0t
and usually chosen such that A(t — c0) — 0. In the moment of recollision ¢., the
kinetic energy of the electron is therefore simply given by, see e.g. [8],

2 . 1
Ec(t.) = # =3 [Atg) — A(t)]. (3.8)
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This expression is maximized to a value of about 3.17U,, for an ionization time of
t. ~ 0.05T after a field maximum [23], where T = 2 1t /wj is the periodicity of the
laser field. If the electrons are back-scattered from the ion in the first recollision and
accelerated further during the next period of the field, energies of up to 10U}, can be
obtained [71].

The whole process of ionization and recollision can consequently be described as
a sequence of three steps as proposed in [23] and schematically shown in Fig.3.3c:

1st step: Tunnel ionization The electron is tunneling out of the atomic potential
and appears outside with vanishing kinetic energy.

2nd step: Laser-driven classical motion The electron is accelerated in the field
and gains kinetic energy.

3rd step: Recollision The electron recollides with its parent ion.

Since the first step of the sequence is obviously of quantum-nature while the others
are treated purely classically, calculations within the three-step model are often called
semi-classical, see e.g. [8]. The energy released in the last step depends in general on
the trajectory of the individual electron and Up, and is often large enough to initiate
further ionization of the system in a non-sequential double ionization (NSDI) process,
see e.g. [8, 9, 34]. If the energy is not sufficient for a direct second ionization, the
atom may still be excited and subsequently ionized in the presence of the field, a
process which is commonly called recollision excitation with subsequent ionization
(RESI) [33], see Sect.3.4.2. Also, high energetic radiation may be emitted which is
utilized in high harmonic generation (HHG) techniques and the closely connected
creation of attosecond pulses, see e.g. [2].

Figure 3.3 depicts possible scenarios for quasi-free electrons driven by the laser
field after ionization. The electric field and the associated vector potential are shown
in (a). The trajectories of three electrons, ionized at different phases of the laser
field (—7/8, 0 and +7t/8 with respect to an electric field maximum) are exemplarily
shown in (b). While the electron ionized before the maximum (red curve) is drifting
away from the parent ion, the others recollide later. For the electron ionized exactly
at the field maximum (green curve), the recollision energy calculates to zero with
Eq. (3.8) since the vector potentials in the moment of tunneling and recollision are
identical. The electron ionized after the field maximum (blue curve) is recolliding
earlier and with a finite energy. The situation at four selected points in time, #; to
t4 marked in (b), is schematically depicted in (c). The lengths of the arrows are
proportional to the electrons’ instantaneous velocity and the temporal gradient of the
field respectively. The electrons’ positions are marked with dots in the same color
code as in (b). Electrons not shown in the last two pictures already recollided with
the parent ion. Note that ¢4 resembles the situation exactly one laser period after #;.
The electron subsequently undergoes the same acceleration again but starts already
at a larger distance to the ion. Thus, while oscillating it drifts away from the parent
ion.

In the first instance, the sum of the ionization potential and the ponderomotive
potential E; + U, has to be invested to free the electron, see e.g. [14]. However, the
final electron energy is according to Eq. (3.7) independent of U, and simply given
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Fig. 3.3 Possible scenarios for quasi-free electrons driven by the laser field after ionization. a Elec-
tric field E(¢) and associated vector potential A(7). b Trajectories for electrons ionized at three dif-
ferent phases of the laser electric field. ¢ Schematic representation of the situations at four selected
times f1 to #4 marked in (b). See text for detailed description

by the value of the vector potential in the moment of ionization A(%). Indeed, this
behavior could be experimentally confirmed and explained as follows [14, 39, 40]:

After being freed, the electron leaves the laser focus and enters a field-free environ-
ment. In the gradient of the intensity and the associated decrease of U, experienced
in this process, the quiver motion of the electron is transformed into a directed drift
motion. This compensates for the initial loss of available kinetic energy due to the
enhancement of the ionization potential. For pulse durations of about 1 ps and below,
the situation is substantially different. Since there is not enough time for the electron
to escape from the focus before the laser pulse is over, the final kinetic energy does
depend on U, [35, 40]. However, also for long pulses, the ponderomotive potential
has an influence on the ionization process, as can be seen e.g. in a clear dependence
of the photoelectron angular distributions on U, [39].
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3.3.2 Interference Structures in Electron Spectra

If experimental photoelectron momentum spectra are investigated, a simple Gaussian
distribution as predicted by Eq. (3.6) is in fact barely observed. Instead, a manifold
of different structures appear, some independent of wavelength or intensity, some
changing position and shape with variation of these parameters. While the first class
can usually be related to resonances in the atoms or molecules (see Sect.3.4), the
latter arises from quantum interference, a very general and important consequence
of the quantum nature of the particles.

Interference effects may arise in general if a system can follow different paths
transforming its initial state into a certain final state without revealing to any observer
which path was taken. The most simple and prominent example is Young’s double-
slit experiment, see e.g. [20, Sect. I.A.2], where the paths are in fact given by spatial
trajectories. Emitted particles might go through any of the two slits and afterwards
hit a screen where they are detected. Originally, the experiment was performed with
photons but works in the same manner also for massive particles as electrons due
to the wave-particle duality, see e.g. [20, Sect. [.A.2]. It is important to note that—
although the interference is spatially visible—it in fact appears in the momentum
domain: Before the particles reach the slit, their momentum is much better known
than their location. The slits confine the wave functions associated with the particles
on asmall spatial volume and at the same time blur the information about the particles’
momentum due to the uncertainty principle, see e.g. [20, Sect. I.C.3]. Consequently
the information about the direction of the momentum vector is lost, which results
in waves emerging radially from each of the slits. These waves interfere and an
interference pattern appears on the screen. As a summary, the spatial double-slit
causes interference effects in the associated Fourier domain.

In case of strong-field ionization of atoms something similar may arise: In the
SFA, as treated in the previous section, the final state, characterized by the electron
momentum, is identical for electrons ionized at different times within the laser cycle:
As can be derived from Eq. (3.7), all electrons ionized in the presence of the same
vector potential A(7y) have the same final momentum. In Fig.3.3a it can be easily
seen that identical values for A(#y) are periodically found in subsequent cycles of the
laser, and also within any of the cycles. In this sense, a temporal double-slit or—in
the case of several laser periods contributing—a “grating” is created, see e.g. [4].
Thus, interference structures in the momentum domain can be observed, see e.g. [46,
61], which can be attributed to interference of electrons ionized in the same cycle
(intracycle interference) or of electrons ionized in different cycles, separated in time
by exactly one laser period (intercycle interference) [4]. In the case of infinitely long
pulses the final electron momentum distribution can be written as [4]

~ 2

. . AS\ | sin(NS/2)

W(p) = 4T =) | ——L=1, 3.9

(p) (p) cos ( > )[ sn3/2) } (3.9
N—— —

~ \—/—/
F(p) B(p)
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where

S = Q2n/wo) (E + Uy + E),
AS = — (2U,/wy) [(1 + 2|&[?) sgn(k,) arccos (sgn(k,)R) — (4r, — R) V1 — /%2] ,

I%:Hz+l"/’)/2+l’€% and I_%:(Hp, KZ)ZWOﬁ/ﬁ'

In these expressions, v denotes the Keldysh parameter as defined in Eq. (3.2) and I'(p)
the momentum-resolved ionization rate given by Eq. (3.6) within the ADK model.
The first interference factor in Eq. (3.9), F(p), is caused by intracycle interference
and the second, B(p), arises from intercycle interference of electron trajectories. The
form of the latter resembles the commonly known equation describing interference
effects caused by an ideal spatial grating with infinitely narrow slits, see e.g. [28,
Sect. 10.5.3].

In Fig.3.4a, Eq. (3.9) is plotted for a laser wavelength of 790 nm, an intensity of
3 x 10" W/cm? and five optical cycles (of constant intensity), contributing to the
intercycle interference. Figure 3.4b shows the distribution with neglected intercycle
interference effects (F (p) = 1 in (3.9)). The intercycle interferences give rise to
above-threshold ionization (ATI) structures, see e.g. [41], visible as rings separated
by the wy, the photon energy of the laser radiation. The electron absorbs more photons
than needed for an ionization, modifying Eq. (3.10) to [40]

E=m+s)w-—E;, (3.10)

with s > 0 the integer number of additionally absorbed photons. A review about this
topic can be found in [41].

However, in an experiment the situation is quite different. In contrast to the simula-
tion, due to the characteristic intensity distribution in the laser focus (see Sect.2.1.3),
shot-to-shot fluctuations or long-term drifts of the laser system, a certain intensity
distribution has to be assumed. The influence on the distributions is visualized in
Fig.3.4c, where a Gaussian intensity distribution with a relative width of only 5%
is assumed around the intensity of 3 x 10" W/cm? used in (a). 10° random in-
tensities are considered and the calculated full momentum distributions, including
again intercycle interference effects, are superimposed. Clearly the structure changes
dramatically. The situation becomes even more complicated if—beyond SFA—the
influence of the Coulomb field is considered as done in [4] by using both a more so-
phisticated model (CVA*) and solving the TDSE: Although the distributions change
dramatically, the authors can show the robustness of the ATI rings’ positions.

4Coulomb-Volkov approximation.
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Fig. 3.4 Electron momentum distributions with interference structures. a Distribution calculated
with (3.9) for ionization of argon with 790 nm radiation and an intensity of 3 x 104 W/cm?. Intra-
cycle interference of five periods in the laser field is considered. b Same as for (a) but neglected
intercycle interference effects. ¢ Same as (a) but with a simple intensity averaging, see text for more
details. The linear color scale used is displayed in Fig. A.1 (a)

3.4 The Role of Excited States

Although the equations presented in the last sections are commonly used and often
yield satisfactory results, they in fact mostly disregard the inner structure of the atoms
in terms of excited states. However, even the simplest atoms contain a large manifold
of excited states which can be expected to play an important role in the interaction
and to contribute to the ionization processes. Some aspects and their usual treatment
will be discussed in the following sections.
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3.4.1 Freeman Resonances

In the end of the last section, the appearance of ATI structures in the photoelectron
spectra was discussed. As can be seen in Fig. 3.4, the distinct rings comprise no further
structure. In the energy spectrum associated, each ring translates simply to a broad
peak which is in agreement with early experimental findings [1], where laser pulses
with a duration longer than 10ns were used. However, if ultrashort pulses of about
1 ps or shorter are utilized for ionization, the appearance of a sub-structure in each
of the peaks can be observed and be identified as arising from enhanced ionization
caused by excited states [40]: Due to the strong AC-Stark shift associated with the
extreme electric fields present in the pulse, excited states of the atom are shifted
into resonance with an integer number of photons n’ < n. Since the field strength
smoothly in- and decreases before and after the pulse maximum, this holds usually
for many states of different energies. It is the compensation of the ponderomotive
momentum shift by the subsequent motion in the laser field (cf. Sect.3.3.1) which
suppresses the substructure in the final electron energy spectrum in the case of the
longer pulses [40].

In general, the Stark shift of a certain atomic state is larger, the closer the unshifted
state is situated below the continuum such that the energetic difference between the
ground state and highly excites states is enlarged in the presence of the laser field,
see e.g. [14]. For a deeply bound state with a binding energy E; fulfilling E; > wy,
the magnitude of this shift is given by [41]

’ wo :
Uy =u, () ~o. 3.11)

While the atomic ground state is therefore hardly affected, excited states close to the
threshold shift almost identical to the continuum such that the ionization potential for
these stats essentially stays constant over the full laser pulse. As shown in [10], such
a state may—after being efficiently populated in the specific moment of resonance—
be ionized immediately or at any later time in the pulse resulting in practically the
same final electron energy. As discussed in Sect.3.4.3 the atom also may resist the
ionization completely and “survive” the laser pulse.

3.4.2 RESI

As discussed in Sect. 3.3, electrons freed at certain phases of the oscillating laser field
will gain energy and return to their parent ion where they recollide. As discussed
in Sect.3.3.1 energies of up to 3.17U, can be released. In contrast, electrons freed
very close to a field maximum recollide with relatively low kinetic energies such
that NSDI is energetically forbidden. Nevertheless, excitation of the parent ion may
still be possible resulting in a (doubly) excited atom. Due to the lowered ionization
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potential of the system, the laser pulse still present may easily cause ionization which
is called recollision excitation with subsequent ionization (RESI) [33]. The dynamics
of a doubly excited (Coulomb) complex (DEC) formed as a transition state in a RESI
process was recently investigated using the laser system and the REMI also used in
this work [17].

3.4.3 Population and Stabilization of Excited States

The appearance of Freeman resonance as described above already shows the pos-
sibility of Rydberg states being populated within short laser pulses. In case of the
ionization and formation of the characteristic structures in the photoelectron energy
spectrum, the population of these states provides a first step in the ionization scheme,
effectively lowering the ionization potential of the atom and enhancing the ionization
probability. Apart from the possibility of direct ionization of the excited atoms in the
same laser pulse, e.g. a different laser can be utilized to trigger this ionization [10], or
the excited atoms may resist any further ionization with strong fields [10, 51]. In this
case, the atom “survives” as neutral, excited species. In case of [51], the same laser
pulse was used to first excite the atom and to afterwards ionize it. The loosely bound
electron resists the ionization by a laser field which is strong enough to overcome
the large excitation energy in the first place.

Frustrated Tunnel Ionization

The population of Rydberg states within a strong laser pulse has recently been em-
bedded into the three three-step model [69]: Recolliding electrons with very low
recollision energy may be recaptured by their parent ion, forming a Rydberg atom
in the frustrated tunneling ionization (FTI). Consequently, a sharp dependence on
the laser ellipticity, namely a strong decrease of the efficiency towards elliptical po-
larization, could be observed due to a lower probability for the electrons to revisit
their parent ion [59]. As noted in [69], FTI might happen for a “substantial frac-
tion” of the electrons and thus could be one of the dominant processes described by
the three-step-model, although widely unexplored in experiments due to the neutral
species produced. The concept of FTT was also expanded to dissociation processes
in molecules H, [66], and lately to the single ionization of noble gas dimers [91].

Strong-Field Stabilization

The investigation of stabilization effects in strong laser fields was mainly carried out
theoretically in the first place and different stabilization mechanisms were proposed
both for the interaction of atoms with intense laser fields in the range of 10'> W/cm?,
and the interaction with “super-intense” laser pulses of 10'” W/cm? and above [16].
The latter is omitted in the following since it has no relevance for the experiments
carried out in this work, a more recent review can be found in [42].
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For the experimentally accessible intensities, two different classes of stabilization
processes were found, namely interference stabilization of Rydberg states involving
different types of Raman-transitions via the continuum and adiabatic stabilization
mechanisms, see [77] for a review. Recently, the survival of Rydberg states in strong
laser fields has been investigated with a new experimental technique, allowing to
directly measure the actual ionization intensity of the individual atoms and thus to
rule out spatial and temporal variations [31]. In this work, the stability of the atoms
was proven up to an intensity of more than 10'> W/cm? and the results interpreted
using both solution of the full TDSE and a SAE> approximation.

3.5 Molecular Hydrogen in Strong Laser Fields

The complexity of mechanisms taking place in the interaction of atoms with strong
laser fields is evident from the discussions in the last section although within this
thesis, only the main aspects can briefly be summarized. The situation gets even more
complicated if—instead of atomic targets—molecules are exposed to the radiation.
For example in H,, the most simple neutral molecule, the presence of two nuclei
causes an additional degree of freedom, the internuclear separation. Within the Born-
Oppenheimer approximation, see e.g. [94, Sect. 2.2], this distance can be regarded as
a parameter, “tuning” the energy-levels of the system: For each (fixed) internuclear
distance R the associated Schrodinger equation can be solved numerically and the
total energy of the system E (R), depending also on the electronic state of the system
characterized by appropriate quantum numbers, can be calculated [54-56]. Single
ionization of the hydrogen molecule leads—in the first instance—to H;, for which
the same calculations have been performed [85]. The potential curves for the lowest
electronic states are shown in Fig.3.5. Double ionization of the H, produces two
protons, which could—as long as their distance from each other is comparable to
the internuclear distance of Hf —be called Hj * “system”. However, the repulsive
Coulomb force between the protons leads to rapid Coulomb explosion, see e.g. [80,
Sect.2.5].

3.5.1 Ionization and Dissociation Channels

The dissociation of molecular hydrogen in strong laser fields was subject of a man-
ifold of theoretical and experimental studies, see e.g. [45, 79] for reviews. Be-
fore a detailed picture about the strong-field induced processes in H; is given in
Sect. 3.5.2, the basic different ionization and dissociation scenarios will be discussed
considering only the few potential curves shown in Fig. 3.5. Neglecting pure excita-
tion, the hydrogen molecule may be singly ionized in a Hy —> HJ + e~ process,

3Single-active-electron.
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Fig. 3.5 Potential energy curves for the neutral and ionized hydrogen molecule. Data points for the
H; and the H'z" potential curves can be found in [54] and [85], respectively. For the picture, a cubic
interpolation between the points given in the reference was performed. The repulsive Coulomb force
between the two protons determines the potential curve after double ionization of the Hy molecule,
see e.g. [80, Sect.2.5]

leaving the molecular ion either in the geradels 6,4 or the ungeradelp o, state. While
the gerade state offers a molecular binding in several vibrational states [22], which
are typically populated simultaneously in tunnel ionization [90], the ungerade state
is purely repulsive and its population thus leads to the dissociation of the molecule
(H, — Hi + e~ —> H' + H+e€"), see e.g. [36, 43, 87]. Laser-induced transi-
tions between the gerade and the ungerade states are also possible as will be described
in Sect.3.5.2.

Another possible channel is the double ionization of H,, although much more
energy is needed. Such a process resulting in Hy* subsequently dissociating,
H, — H2+ T4 2e” —> 2HT +2e, is commonly known as Coulomb explosion
(CE) of the molecule, see e.g. [72]. These processes can in principle be distinguished
from the dissociation of Hj e.g. by the number of particles produced and the higher
final kinetic energy of the protons, the kinetic energy release (KER) [60]. Moreover,
the protons produced in the Coulomb explosion process are correlated in momentum
which is visible e.g. in ion-ion covariance or coincidence mapping, see e.g. [38, 89],
[25, Sect.3.2]. In addition, the processes turn out to be very selective on the mole-
cular orientation, usually favoring their parallel orientation with respect to the laser
polarization, see e.g. [19, 45]. Therefore, the ions are dissociating along the spec-
trometer axis, see Sect. 4.1, and the different processes discussed and summarized in
Table 3.1 can be identified already in the simple time-of-flight spectra recording the
ionic products of H, after ionization, see e.g. [89]. Figure 3.6 exemplarily shows the
respective part of a spectrum obtained with a wavelength of about 570 nm.
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Table 3.1 Possible ionization and dissociation scenarios starting from neutral Hy, see e.g. [89]

Process Neutrals created | Ions created KER Electrons freed
1

Single ionization |H HT Small 1
and dissociation

Single ionization |— H2+

Double ionization | — 2H* Large 2
and Coulomb
explosion

107 L A L A T T LR E

106 H* §

Coulomb explosion

10°

Coulomb explosion

dissociation ! dissociation

10*

yield [arb.u.]

103

102

1

ion flight time ¢ [ns]

Fig. 3.6 Typical ion time-of-flight distribution in an experiment with Hj at a central wavelength of
about 570 nm. The individual peaks can be assigned to the processes listed in Table 3.1, see e.g. [89]
for a similar picture and assignment: The dashed vertical line close to 5750 ns marks the flight time
for a H ion with vanishing initial momentum. Two pairs of peaks are visible distributed around
this value, consisting of H* ions which gained momentum in a dissociative process and thus were
accelerated either towards (smaller flight time) or away from the detector (larger flight time). The
larger the time difference to the vertical line, the higher the KER of the underlying process. This
allows the assignment of the peaks to the dissociation and the Coulomb explosion

3.5.2 The Floquet Picture

Although a description of the processes taking place in the interaction of strong laser
fields with H; in the framework of the unperturbed molecular potential curves and
vertical transitions in the Born-Oppenheimer approximation is possible to some ex-
tent, it is certainly not sufficient. Phenomena such as molecular stabilization, see
Sect.3.5.3, can not be explained. In fact, a more successful description is procurable
in a picture, which treats the molecule and the laser field as one system, the Floquet
picture, named after the Floquet theorem [37] exploited in the mathematical treat-
ment [18]: New potential curves are calculated, resembling dressed states which
only exist for the combined system of molecule and laser field. In the following,
the concept is briefly summarized following the description in [72]. More detailed
information also about other theoretical approaches can be found e.g. in [5, 45, 79,
80, 94].



3.5 Molecular Hydrogen in Strong Laser Fields 45

If the Hamiltonian of an unperturbed, field-free molecule is denoted with
ﬁ0(7 , I_é, t), the respective operator in presence of the laser field may be written
in dipole approximation as [18]

ﬁ(?, R, ;) - ﬁo(7, ﬁ) + @(7, ﬁ) - Eycos(wot) . (3.12)

Here, 7 and R represent the coordinates of the electrons and nuclei, respectively, and
[iis the electric dipole operator. In case of HJ, R reduces to a scalar, namely the
internuclear distance and 7 describes the three coordinates of the remaining electron
with respect to the center of mass of the two nuclei. The evolution of the molecule
in the laser field can in principle be obtained by solving the respective TDSE, given
by [18]
8\11(7 R, t) L R
i———> = A7 R.r) 9(7. R.1). 3.13

B (3.13)
It can be shown that this problem is—due to the Hamiltonians’ periodicity in time—
equivalent to the solution of a different Schrédinger equation with a time-independent
Floquet Hamiltonian Hg(R) represented by an infinite matrix [86]. In the case of
Eq. (3.12) and for a unperturbed system containing two electronic states of energy
Vi(R) and Vi(R), the Floquet Hamiltonian is given by [18]

VIR +2w0 AR) O 0 0 0
A2i(R)  VAR) +wp A12(R) 0 0 0
i _ 0 A2i(R)  Vi(R)  A(R) 0 0
HeR) = 0 0 An(R) Va(R)—wy  ApxR) 0
0 0 0 Ai(R)  VI(R) —2wy  A1(R)
0 0 0 0 A21(R)  Vo(R) —3wq ...

(3.14)

where A;;(R) = ik i (R) - IZ"O cos(wopt)/2. The eigenvalues obtained by (numerical)
diagonalization of PAIF(R) form the new potential curves V(R) for the combined sys-
tem of molecule and laser field commonly referred to as dressed states, see e.g. [18].
In such calculations, only a finite number of matrix elements can be considered.
Although it is in principle possible to calculate the results using only one diagonal
Floquet block (shown in red in Eq. (3.14)), convergence is usually achieved only with
larger matrices. However, modern desktop computers can perform this in seconds
even for 100 x 100 matrices and larger. The Floquet method can be utilized if the
field period is much shorter than the dissociation [79] and ideal for not too short
pulses [64]. If these conditions are not fulfilled, other approaches like wave-packet
calculations are more applicable, see e.g. [45, 64].
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Within the simplified picture of the H} molecule discussed in the previous section,
Vi(R) and V(R) can be identified with the attractive and repulsive 1s o, and 1poy
states, respectively, shown in Fig.3.5. If only one Floquet block is considered, the
dressed states can be derived analytically, see e.g. [72]:

V{R) + V{(R) — wy

VAR) = 5

+ %\/[Vg(R) — V(R) +wo]” + w(R).
(3.15)

Here, A;(R) = Aji(R) = wr(R) with wg being the Rabi frequency, was used. The
latter is linked to the electric field by the dipole moment c?(R) according to wr(R) =
Eod (R) [5, Sect.3.1]. Although this expression is a very crude approximation due
to the small Floquet Hamiltonian used, it shows the influence of the orientation of
the molecule with respect to the laser polarization: A non-parallel alignment results
simply in a smaller effective electric field E| = E, cos(f) respectively in a lower
intensity I’ = I cosX(#), hence a lower chance for the molecule to dissociate, see
e.g. [94, Sect.2.4].

Figure3.7b shows the dressed states calculated within the Floquet picture and
compares the situation to the model treating the molecule as unaffected by the field
and the interaction with the laser as transitions between the potential curves as dis-
cussed in Sect. 3.5.1, Fig. 3.7a. For wg(R) = 0, the dressed curves cross each other at
the internuclear separation where the energetic difference of the former unperturbed
curves is resonant with the photon energy, see blue dashed line in (b). However, for
high laser intensities, the curves couple and they do not intersect any more. Instead,
at the internuclear distance of the former crossing Ry, where V{(Ro) = V(Ro) — wo,
Eq. (3.15) yields a separation of the dressed curves by wgr(Ry), an avoided crossing.
This is proportional to the square root of the laser intensity, see e.g. [72]. The tran-
sition between the states can be described in the Floquet picture by the evolution of
the system along paths on the dressed potential curves where the probability for each
path can be derived from Landau-Zener theory, see e.g. [93].

3.5.3 Bond Softening and Molecular Stabilization

With increasing laser intensity and likewise increasing separation between the V.
curves, molecules initially bound in vibrational states of the 1s o, state my dissoci-
ate. Although this is also evident in the picture of the unperturbed potential curves
by considering the absorption of a photon, see Fig.3.7a, a new aspect arises in the
Floquet picture, namely a possible tunneling character of the process, see e.g. [43],
[94, Sect.2.4]. Tonization from a vibrational state is possible even if the remain-
ing potential would classically forbid the process. This is commonly referred to
as bond softening, see e.g. [15, 79, 93], [80, Sect.2.4], [94, Sect.2.4]. In some re-
spects, the Floquet picture in Fig. 3.7b bears analogy to the common picture of tunnel
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Fig. 3.7 Comparison of unperturbed and dressed potential curves, adapted from [72]. The data
points of the unperturbed curves are generated from the points given in [85] by cubic interpolation,
the vibrational energy levels for the 1so, state taken from [22]. a Unperturbed potential curves
with laser-induced transition. The wavelength of the laser is 790 nm thus the resonance appears at
an internuclear distance of R = Ro ~ 4.74 a.u. b Dressed potential curves calculated for a laser
intensity of 5 x 10" W/cm? and the same wavelength as in (a) considering 201 Floquet blocks (a
402 x 402 Floquet matrix). The Rabi-frequencies wg(R) needed for the calculation are generated
from data points given in [7] by cubic interpolation

ionization, see Fig.3.2b. The counterpart, namely the treatment of unchanged po-
tentials and photon-induced transitions is associated with the multiphoton picture,
Figs.3.7a and 3.2a.

Since some field-induced potential curves, e.g. ‘7+ in Fig. 3.7, exhibit a minimum,
new bound states can be created by the presence of the laser, see e.g. [94, Sect.2.4].
Population may occur due to resonance between field-free vibrational levels with this
laser-induced states. The molecule is then “actively” stabilized by the laser and will
not dissociate before the intensity drops. This is known as molecular stabilization
or—in analogy to the effect described above—bond hardening, see e.g. [44, 92], [5,
Sect.3.8].
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Chapter 4
The Reaction Microscope

As discussed in Chap. 3, the interaction of strong laser fields with atoms or mole-
cules often leads to ionization (and sometimes dissociation) and thus to the cre-
ation of charged particles. One suitable approach to investigate the underlying
processes is the measurement of the momenta that these particles obtained dur-
ing the ionization. Reaction microscopes (REMIs) are highly advanced momentum
spectrometers which are perfectly suited for this task: They provide highly resolved,
three-dimensional momentum distributions and can—despite the enormous mass
difference—perform measurements for ions and electrons simultaneously. Thus, the
particles can be observed in coincidence which is a key feature of the detector and
which is necessary for detailed studies of multi-particle processes like e.g. double
ionization. Extensive information about REMIs—or the COLTRIMS! technique,
as also often referred to—can be found e.g. in [7, 8, 14-16, 23, 24]. The following
chapter briefly outlines the basic working principle of REMISs starting with a descrip-
tion of the typical setup as used in this work. The second part, Sect.4.2, treats the
data processing procedures used to calibrate the system and reconstruct the particles’
momenta.

4.1 Setup

REMISs are utilized in very different research areas, e.g. in the investigation of elec-
tron and ion collisions [6, 14] or the interaction of light from femtosecond laser
sources [25], high harmonic radiation [9] or free-electron lasers [20] with single
particles. The REMI used in this work was employed in several experiments over the
last years, see e.g. [4, 10, 12]. In a typical strong-field experiment utilizing a REMI,

ICold target recoil ion momentum spectroscopy.
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a dilute supersonic gas jet-originating from a nozzle, passing skimmers and attenu-
ation slits, see Sect.4.1.2—is crossed with the focussed laser beam. Figure 4.1 gives
a schematic overview. The volume of intersection, the reaction volume, is the origin
for all particles created in the interaction process. Important properties of the focus
as the shape of the focal volume are derived in Sect.2.1.3. The charged particles,
ions and electrons, are accelerated and guided onto two time- and position-sensitive
detectors by homogenous electric and magnetic fields aligned along the spectrometer
axis. The fields are created by the spectrometer electrodes and large Helmholtz coils
outside the vacuum, respectively. The spectrometer comprises cylindrical symmetry
which is often also the case for the ionization process, e.g. for photoionization by
light with linear polarization aligned along the spectrometer axis.

Helmholtz-coils

ion detector

laser system
dump

aperture

attenuation slits

skimmer

nozzle

focussing mirror

electron detector

Fig. 4.1 Schematic overview of the setup. A neutral supersonic gas jet is crossed with a focussed
laser beam inside the REMI. The latter first traverses the chamber and is afterwards reflected by
a spherical mirror and thus focussed onto the atoms in the jet. Charged particles (red ion, blue
electron) originating from the interaction volume are guided onto two time- and position-sensitive
detectors by electric and magnetic fields, see text for details
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4.1.1 The Spectrometer and Detectors

Figure4.2 schematically shows the spectrometer used in this work in more detail.
Atoms or molecules in the supersonic gas jet, entering from the bottom in this picture,
are exposed to the laser in the center of the arrangement. Ions produced are accelerated
onto the ion detector (left) by the electric extraction field. Due to the large directed
initial momentum in the gas jet along é,, the resulting trajectories are given by mass-
specific parabolas. At the two ends of the spectrometer, and as separation between the
acceleration and drift region, three grids are placed and—in normal operation of the
REMI—set to the voltage given by the electrode at the specific position. However,
in the case of the two grids at the spectrometer ends, a free adjustment is possible.
The grids suppress the formation of electrostatic lenses and field penetrations from
outside and hence ensure the homogeneity of the field inside the spectrometer.
Depending on the geometry, the extraction field has to be chosen strong enough
to project all ions of interest onto the detector, see Table4.1 for dimensions and
parameters used in the setup for this work. An increase of the electric field strength
may seem beneficial in this context but the resulting shorter absolute flight times and
smaller spatial distributions reduce the momentum resolution since experimental
uncertainties typically stay constant, see Sect. 4.3 for details. The detection requires
a strong post-acceleration of the particles onto the detector plates, hence a large
electric field is pointing towards their surface. An additional grid directly in front

E,B A gas jet

-

laser focus :
ion
. electron
spectrometer axis

/grid [ H e .

s
A

ion detector

electron detector

AU(2)
acceleration < drift —
a; I Qe I de I

Fig. 4.2 Schematic illustration of the REMI spectrometer used in this work and particle trajectories
arising from a single ionization event A — A+ + e~. Ion and electron are created in the reaction
volume and guided onto the ion detector (left) and electron detector (right), respectively, by the
electric and magnetic fields applied. The lower part of the image shows the characteristic dependence
of the electric potential U on the ¢, coordinate along the spectrometer axis: A linear trend in the
acceleration regions and a constant value over the drift region
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Table 4.1 Approximate basic geometry, typical field strengths and resulting characteristic times,
see Sect.4.2.1, for the REMI used in this work

Property Ions Electrons
Acceleration length a (cm) 30 10

Drift length d (cm) - 10
Dactive MCP (mm) 120 75

Dinner €lectrodes (mm) 120

Electric field E (typical) (V/cm) 2

Magnetic field B (typical) (L T) 600

Flight time ¢ (typical) (ns) 0 (10%) 0 (10?)
Cyclotron period ¢ (typical) (ns) @] (106) 70

of the detector, not shown in Fig.4.2, may be used to encase this field. In the setup
used, this is done in the case of the ion detector.

The flight time and impact position on the detectors of a particle of known mass
and charge is well defined, provided it does not gain any additional momentum from
the interaction with the laser. In the setup used in this work, the ions are accelerated
over the full spectrometer until they pass the grid in front of the detector. In contrast
to this, the electrons traverse a field-free drift region after their acceleration. The
general case, namely the presence of a drift region also for the ions, will be discussed
in the mathematical treatment in Sect.4.2.1.

The electrons created in the ionization process are accelerated by the same elec-
tric field towards the electron detector. However, momentum conservation and the
enormous mass difference between ions and electrons, see Table A.2, typically result
in very different energies and velocities of the electrons compared to the ions. The
projection of the fast electrons onto the electron detector by pure electric fields is
possible only if much stronger fields are used like e.g. done in velocity-map imaging
(VMI) experiments [2]. In order to retain a weak extraction field and benefit from
the associated higher resolution, REMIs instead utilize a magnetic field to force the
electrons on spiral trajectories and confine them close to the spectrometer axis [14].
Despite the more complex trajectories, a reconstruction of the momentum obtained
in the interaction with the laser is still possible, see Sect.4.2. The simultaneous
measurement of the momentum vectors of all particles originating from the interac-
tion of the laser with a target is commonly referred to as a kinematically complete
measurement or experiment.

After their flight through the spectrometer, the particles impact on the detectors.
The task of these devices is to precisely measure both the impact time and the position
of each particle. The detection scheme essentially contains two steps: In the first, a
micro-channel plate (MCP) amplifies the signal by creation of an electron cloud in
an avalanche process, triggered by the single particle to detect. The current caused
thereby can be detected and reveals the time of impact. A photo-diode inside the
laser system provides a reference time such that the flight time ¢ can be derived as
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the difference. In the second step of the detection scheme, the impact position of
the particle is determined by a measurement of the center of gravity of the electron
cloud that is produced by the MCP detector with a delay line anode. A scheme of
the full detector system is shown in Fig. 4.3. In the following, the two detection steps
are explained in more detail.

Signal amplification and determination of the impact time After passing the
grid at the end of the spectrometer, the particles hit a micro-channel plate, a thin
disc homogeneously pervaded by fine channels coated with suitable semiconducting
material. These are slightly tilted with respect to the normal vector of the disc, have a
typical inner diameter of 25 um and are separated from each other by roughly 30 pum,
see Fig.4.3b. These and the typical values following in this paragraph were derived

| impacting particle
|

electron shower

__—“—» time signal

T . anode

Fig.4.3 Time and position sensitive single particle detection using a stack of MCPs and a delay-line
anode. a A particle impacting in one of the channels of the MCP creates an electron cloud which
is projected onto the delay line anode. b Creation of the electron cloud within single channels of
the MCPs. The impacting particle creates secondary electrons and starts an avalanche amplification
process. An electron shower leaves the second MCP at its back side. ¢ Principle of position deter-
mination with the delay line anode, reduced to one coordinate for simplification. The centroid of
the electron cloud has an offset of x in é, direction with respect to the center of the detector. Signals
travel along the wire in both directions and are detected at its ends. The measured time difference
At is proportional to the initial spatial offset x
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from [18]. Typically, the resulting ratio of length to diameter for the channels is in the
order of 40 to 80. Between the front and the back surface of the MCP a high voltage
of typically 1200V is applied. A particle impinging the detector may enter one of the
channels and—in this case—will hit the inner surface. As a consequence, secondary
electrons are produced, accelerated by the strong electric field and thus gain enough
energy to create more secondary electrons on their next impact on the channel surface.
This secondary impacts are forced by the slight angle between the channel direction
and the electric field, see Fig.4.3b. The process is repeated many times resulting in
an avalanche-like amplification of the signal. Finally, a cloud of electrons leaves the
MCP at its back side and consequently a (small) current can be detected by capacitive
coupling of the MCPs’ voltage supply to an acquisition system. A fraction of typically
50 % of the incident particles do not create secondary electrons or simply hit the MCP
directly on the front surface and thus are not detected. Two or three MCPs may be
used subsequently forming a stack and enhance the amplification factor up to about
107 and higher, commonly known as Chevron MCP and Z-stack MCP, respectively.
In the experiments performed in this work, a stack of two MCPs is used for the
detection of ions while three plates form the electron detector. Subsequent MCPs
are turned by 180° with respect to each other, see Fig.4.3b. As already mentioned,
in the case of the ion detector, an additional grid is placed in between the end of the
spectrometer and the MCP stack. This ensures a more homogenous field despite a
high voltage difference in the order of 2000V between the last electrode and the front
side of the first MCP.

Position detection The electron cloud emerging from the back side of the MCP
stack can be used to determine the impact position of the particle. For this purpose
the cloud is accelerated onto a delay-line anode [22] while expanding due to the
repulsive Coulomb force between the electrons. For each of the two coordinates to
determine, a long copper wire” is wrapped around the base plate such that for the side
facing the MCP stack an equal spacing of the parallel wires is achieved. The electron
cloud hits simultaneously several windings resulting in enhanced electron densities
in the respective sections of the wire. Subsequently, the charges propagate along
the wire in both directions until they are detected at the two ends. The measured
time difference Ar depends on the initial spatial offset of the electron cloud with
respect to the center of the windings and thus on the impact position of the particle,
see Fig.4.3c. The coordinate in the direction perpendicular to the wires is given by
cw/At where ¢y, = const is the effective signal velocity in this direction. It has to
be mentioned that At also slightly depends on the second coordinate of the impact
position (along the wires). However, this leads only to a small effective rotation of
the detector which are anyway aligned arbitrarily with respect to each other and
the laboratory frame. An appropriate rotation of the detectors is performed after
the data acquisition, during the calibration procedure, see Sect.4.2.3. The delay-line
anode is capable of detecting the position of several particles originating from the
same ionization event and thus arriving in a very short time window. However, with

2In fact, two wires are utilized, one delivering the signal and one a reference. For simplicity of the
discussion, this technical detail is omitted.
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shrinking difference between impact time and position, the discrimination between
the particles becomes more and more difficult until the position detection simply
fails. For typical measurements performed with the REMI used in this work this is
usually no restriction. However it should be mentioned for completeness that special
hexanode detectors with three layers of wires have been developed to overcome this
limitation [11].

4.1.2 Preparation of the Gas Jet

As already mentioned in the last section, both the flight time # and the impact position
of a certain particle on the detector depend not only on the momentum gained in the
interaction with the laser but also on the initial momentum, before the interaction
takes place. Therefore, although this initial momentum is usually not of primary
interest, it has to be considered. Any ensemble of atoms delivered to the interaction
volume has a certain intrinsic momentum distribution or—in other words—a finite
temperature. If the momentum gained from the interaction with the laser is small
compared to this intrinsic spread, no meaningful information can be extracted from
the measurements. A typical momentum for the ion or electron expected in strong-
field ionization is in the order of 1a.u.® Close to threshold ionization may produce
charged particles with even much smaller momenta.

The particle velocities which can be found in an ensemble of atoms with mass m
and temperature 7' (in thermal equilibrium) are given by the Maxwell-Boltzmann
distribution, see e.g. [5, Sect.7.3.5]. However, if only the velocity component along
a certain coordinate is considered instead of the absolute value of the velocity vector
the particle velocities are described by a Gaussian distribution with a FWHM of
2/2In(2)/kgT/m, [5, Sect.7.3.5], where m is the particle mass and kg is the
Boltzmann constant. Under room temperature conditions (7" = 300 K) the spread in
the particles’ momenta Ap3%¥ is much larger than the momentum change expected
to be caused by the interaction.

Supersonic expansion of a gas into the vacuum-chamber and the formation of
a gas jet exhibits a very efficient way to convert the intrinsic thermal momentum
distribution of the atoms into a directed, collective motion with a much smaller
momentum spread. Even without additional cooling, very low temperatures can be
reached in the reaction volume with moderate technical effort, see Table4.2. The
supersonic expansion starts at a nozzle through which the gas enters the vacuum
chamber. In the experiments presented in this thesis, the gas is supplied with room
temperature (2300 K) and a pressure of around 3 bar to a nozzle with a diameter of
30 pm. The mechanism of the expansion is complex, see e.g. [13], and not discussed
in detail here. Briefly, the central part of the expanding atom cloud, the “zone of

3Consider e.g. a single ionization event Ar — Art + e~ and a total kinetic energy (excess energy)
of 1eV. Using particle masses from Table A.2, energy and momentum conservation yield momenta
of less then 0.3 a.u.
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Table 4.2 Characteristic properties of supersonic jets produced from different gases, calculated
with [13, Eq. (2.18), Tables 2.3 and 2.5]

Species AP K ve(m/s) | Py (au) | Apyau) | Tjj (K) PLmax
(a.u.) (a.u.)

Ne 13.9 1320 21.9 1.14 2.0 <5 x 103

Ar 19.6 930 31.0 1.06 0.9

Kr 28.4 642 449 1.34 0.7

H, 4.40 4900 8.23 1.04 17

N» 16.4 1310 30.7 2.99 10

All widths denoted with a leading A refer to the FWHM. The value for p | max is estimated from
basic geometric properties of the experiment, see text for details

skimmer laser focus

nozzle A \ beam dump

~22m

Fig. 4.4 Creation of the supersonic gas jet. The gas expands through the nozzle inside the vacuum
chamber. Two skimmers with openings of 200 and 400 wm in diameter, respectively, form a stable
jet which is hit by the laser approximately after a flight distance of about 2.2 m. Gas atoms not
ionized by the laser are captured by a beam dump

silence” is extracted using skimmers, specifically designed conical apertures, forming
a jet and preventing its destruction by shock waves. In the machine used in this work,
two skimmers are used with diameters of 200 and 400 p.m, respectively, see Fig. 4.4.
The extracted atoms have—in jet-direction—a very sharp momentum distribution
centered around a relatively large mean value representing their collective motion,
see Table4.2. The transverse momentum spread, perpendicular to the jet direction,
is even smaller and limited by geometrical restrictions: Only atoms with a very low
transverse momentum are interacting with the laser in the interaction volume. As
estimated in Sect.2.1.3, the latter has a size of ~500 pm or less, depending on the
direction and the wavelength and is reached by the gas jet after about 2.2 m flight
distance. Gas atoms in the jet which are not ionized by the laser are captured by a
beam dump to preserve the good vacuum conditions in the chamber.

4.2 Data Processing

The electronic signals delivered by the detectors are processed in a commercial
RoentDek “fADC8/10-2” unit containing several fast 10bit analog-to-digital con-
verters [19] (ADCs), sampling the trace before and after each peak. The raw data is
further processed by RoentDek’s software package “CoboldPC” which also may be
used to reconstruct the particles’ momenta. However, within this work, the software
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is only used to record the data and to export flight times of particles and corresponding
time differences measured with the delay-line detectors, see Sect.4.1.1. The export
can be restricted to particles fulfilling simple conditions, e.g. having a flight time
in a certain range etc. Further data selection, calibration, momentum reconstruction
and compilation of the final data is performed with scripts written and developed
for MathWorks “Matlab”. In contrast to CoboldPC, the scripts are able to perform
operations on all events within a data file simultaneously rather than requiring the
complete re-reading of the (large) raw data, the ADC-sampled electronic signals. For
the reconstruction of the particles’ momenta, the equations presented in the following
section were implemented.

4.2.1 Momentum Reconstruction

The measurement of the flight time and the impact position of a particle allows the
reconstruction of its momentum after the interaction with the laser. With regard to the
reconstruction procedure it is appropriate to distinguish between two different classes
of momentum components: The component in direction of ¢,, along the spectrometer
axis, see Fig.4.1, is usually named longitudinal momentum component p; and—as
will be shown in this section—can be reconstructed from the measured flight time
alone without any information about the impact position. In contrast, the reconstruc-
tion of the remaining transverse momentum components p, and p, perpendicular to
the spectrometer axis relies on this additional information. Photoionization exper-
iments often feature cylindrical symmetry with respect to the spectrometer axis,
namely if linearly polarized light is used and its polarization ¢ is aligned with ¢,. In
this case it is reasonable to combine the two transverse components and to define

Pu = /P2 + p? - éx where & is the direction in the transverse plane. This direction
can alternatively be defined by an angle ¢:

P cos(6)
=|p | = ({’1) =p- [ sin(d) cos(y) | . @.1)
Py Pu sin(0) sin(yp)

Figure4.5 summarizes the conventions of vectors and angles used throughout this
work. It is important to note that the magnetic field—also aligned along the spec-
trometer axis—does only influence the transverse components of the momentum
vector. As a consequence, the flight times of the particles and thus the momentum
reconstruction of p; are independent of the magnetic field.

Longitudinal Momentum Component

The charged particles created in the interaction volume are first accelerated by the
extraction field over a certain distance a and—in the general case—afterwards travel
with constant velocity through a field-free drift region d. The latter is optional and
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Fig. 4.5 Convention of Aé.
momentum components and
angles as used throughout
this work. The direction ¢, is
aligned along the
spectrometer axis, cf. Fig.4.1

/e

may be omitted (d = 0) as it is done in the case of the ions in the setup used for this
work, see Sect.4.1.1. Solving the classical one-dimensional equation of motion for
the ¢, component yields a flight time of

2 2 ~12
D )41 2m D 2q AU

tmg(p) =a | — + + +d (2 + .
ap)=al =237 \/<un) gAU (m2 m

flight time in acceleration region flight time in drift region

4.2)

Apart from spectrometer-geometry and the voltage difference across the acceleration
region AU the flight time is a function of the particle’s initial longitudinal momentum
p1 and its mass m and charge ¢. In general, the dependence on three particle-related
quantities may be an issue for the momentum reconstruction, since different combi-
nations result in identical flight times. Fortunately, the initial momentum gained in
typical photoionization experiments leads to a shift in the flight time, which is much
smaller than shifts caused due to different mass or charge. Thus, the different ion
species usually form distinct peaks in the time-of-flight spectra, making it possible
to distinguish them, see Fig.4.9. The shape and width of the peaks reflect the initial
momentum distribution: Ions initially moving towards the detector will arrive ear-
lier, particles initially moving in the opposite direction later. In case of symmetric
momentum distributions as typically produced e.g. with a linearly polarized laser, the
maximum of each peak represents the flight time for vanishing longitudinal momen-
tum. However, one restriction remains: Since this value, #,, ,(p1 = 0), exclusively
depends on the ratio "/, , certain different species e.g. NJ* and N* have identical
flight times and the respective peak resembles a superposition of both. This is a
problem the REMI shares with other mass-spectrometers. Often, one of the species
clearly dominates the peak and the contribution of the other can be neglected. To
prevent confusion it should be mentioned that in many references, e.g. [17], instead
of Eq. (4.2) a mathematically identical equation can be found:
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2a d
tm,q(pl) =m + . (43)
Vp2+2mgAU £ pr /p?+2mgAU

The meaning of the + in the denominator is explained later.

In the following, m and ¢ are assumed to be known. In order to reconstruct the
initial momentum, the inverse function of Eq. (4.2), p;(¢), has to be evaluated. If no
drift region is present (d = 0), the analytical solution is given by

d=0 ma qAU
) = — —
pi(?) ; 7

‘. (4.4)

However, for the general case, d # 0, no such analytical solution can be found.
Different methods may be applied in order to extract the longitudinal momentum,
some are discussed in the following.

Approximation for small momenta This method has the advantage that it does
provide an analytic equation which is an approximation to the exact solution, valid
for initial momenta small compared to the momentum gained in the extraction field,
p1 < +/2mqAU. Expanding Eq. (4.2) in a Taylor-series around p; = 0 and isolating
pi in the result yields [24, Eq. (10) without the prefactor for unit conversion]

q

AU
pn ~ — (to — 1) + O[(to — 1)?]

(4.5)
m d
o=y aag (P 75)

Here, 1y is the flight time of a particle with vanishing initial momentum. Figure 4.6
shows—for selected ion species (a) and electrons (b)—the relative difference | 271/, |
between an exact numerical solution of Eqs. (4.2) and (4.5) for a geometry as used in
the experiment, see Table 4.1. The approximation is in particular good for heavy ions
with small momenta, typically produced in photoionization processes. However, for
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Fig. 4.6 Comparison of different reconstruction methods. Relative difference |AP1/p, | between
approximation for small momenta, Eq. (4.5), and numerical solution of Eq. (4.2) for the spectrometer
properties given in Table4.1. a Singly charged ions of different mass. b Electrons
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light and fast particles like atomic hydrogen-ions as they appear e.g. from dissociation
of an Hy-molecule (about 20 a.u. and larger, see Sect.7.1), the approximation is
poor and even worse for electrons. Here the deviation is striking already for small
momenta.

Numerical solution For every particle and its measured flight time, Eq. (4.2) can be
solved numerically. This requires some computational effort but can nowadays be
performed in real-time already during the data acquisition on a standard computer or
workstation if an efficient algorithm is used. One example for such an algorithm is
the Newton’s Method which usually converges after few iterations [21, Appendix B].

Lookup table Also very fast and very convenient is the utilization of a Lookup
table: The first column of the table is filled with equidistant momentum values in a
suitable (large) range. The resulting flight time ¢ for each of the entries can simply be
calculated with Eq. (4.2) and stored in the second column. The difference of adjacent
flight times obtained should be small compared to the time resolution of the ADC,
which can be achieved by an appropriate choice of the momentum steps for creation
of the first column. After having calculated the table at the beginning of the analysis,
a sufficiently close value can be found for every measured flight time in the second
column of the table together with the associated momentum in the first. The results
of this method can easily be refined by linear interpolation between the rows.

In this work, look-up tables with a momentum step size of 10~*a.u., resulting in
typical flight time steps of about 1072 ns for both ions and electrons, and additional
linear interpolation are used for the reconstruction of both—the ions’ and the elec-
trons’ longitudinal momenta. This keeps the code fast and flexible and allows e.g.
an easy future implementation of a drift-region for the ions or—in combination with
particle trajectory simulations—a reconstruction if the fields are switched or ramped
while the particles are still flying.

If the longitudinal momenta of the particles are calculated essentially based on
Eq. (4.2), larger flight times always result in larger values for the momentum. In other
words, the coordinate system is chosen such that a positive (negative) momentum is
assigned for a particle initially moving away (towards) the respective detector. In the
simultaneous detection of ions and electrons on two opposing detectors consequently
two coordinate systems are defined. In order to obtain a momentum conservation-
induced anticorrelation between the particles, one of the coordinate systems has to
be inverted. The coordinate system in this work is chosen such that positive momenta
are assigned to ions with larger flight times according to Eq. (4.2). For electrons, a
+ has to be replaced by — in the denominator of Eq. (4.2) as already considered in
Eq. (4.3).

Transverse Momentum Components

For the reconstruction of the transverse momentum components from the flight time
and the impact position of the particles, the influence of the magnetic field has to
be considered as well as the directed (mean) velocity of the atoms in the jet. The
latter leads to a spatial shift of the particles’ impact positions: A particle which does
not gain momentum from the laser will hit the detector not at the center but at a
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position Ay = vjet apart. With typical values from Tables4.1 and 4.2 the effect
can be estimated to be in the order of a few cm for ions and 100x smaller for the
electrons.

The magnetic field does not affect the absolute value of the particle’s momentum
but continuously changes its direction. This leads to a cyclotron motion of the particle
while it is accelerated in the electric field along the spectrometer axis. The cyclotron
frequency w¢ and the radius R of the trajectory are given by [24]

we = i = 48/n (4.6)
R = ru/yp, 4.7)

where g and m denote charge and mass of the particle, B is the strength of the magnetic
field and ¢ is called the cyclotron period. Thus, if the charge and the magnetic field
strength are known, a measurement of R allows directly the determination of p,,.
Figure 4.7 shows a projection of a typical cyclotron trajectory on the detector. Since
the trajectory starts at the interaction volume, the particle revisits the spectrometer
axis after every integer multiple of the cyclotron period t = n - t¢. The cyclotron
trajectory itself is not centered around this axis. In fact, the central axis is unique for
every particle and depends on both the absolute value and the direction of its initial
momentum.

From Fig.4.7 the relation R = ’/3jsin(cr/2)) can be obtained with fundamental
geometrical considerations. Together with Eqs. (4.6) and (4.7) this yields [24]

mwc

=——“r. (4.8)
2|sin(wct /2)|

Pu

The emission angle ¢ of the particle can be obtained from the measured angle v
by [24]

Fig. 4.7 Projection of A N
electron trajectory on the
detector plane, adapted
from [24]
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wct — 27N

— 9
14 2

, 4.9)

where N = | /i | = floor(?/y. ) is the number of complete turns performed by the
particle.

Typical values for the cyclotron period ¢ and the flight times ¢ of electrons and
ions are given in Table4.1. For the electrons, N 2 1 while for the ions the cyclotron
period is very large compared to their flight times and thus wct = 0. In this case, the
sine-function in Eq. (4.8) can be well approximated by its argument which results in

P = lim py = ). (4.10)
wet—0
The effect of the magnetic field can thus be compensated sufficiently by a rotation
of the ion detector in the calibration procedure described in Sect.4.2.3.

4.2.2 Solid-Angle Correction

After the reconstruction of the transverse momentum component p, the distribution
of the particles W(p,;) may be investigated. It is important to note that W(p,;) does
not resemble a “cut” through the respective two-dimensional momentum distribution.
However, such a “cut” may, if desired, be calculated from W(p) by performing an
adequate solid-angle correction. This is in particular important if the experimental
results are to be compared with theoretical predictions, which often refer to this.

In the following, the different distributions and the solid-angle correction are
explained by means of a simple example, namely a two-dimensional Gaussian dis-
tribution W(px, py), visualized in Fig.4.8a. The distribution W(py), which can be
derived using the definition of p; given in the beginning of Sect.4.2.1, is shown
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Fig. 4.8 Visualization of the difference between the coordinates py and p;. a A perfect two-
dimensional Gaussian distribution as an example of a rotational symmetric transverse momen-
tum distribution. b W(py;) (normalized) as directly accessible in an experiment with a REMI,
see Sect.4.2.1. ¢ Distribution W(p, ) (normalized) as obtainable by a cut along an arbitrary axis
through the origin of the distribution shown in (a). The distributions in (b) and (c) are connected
by simple division and multiplication, respectively, see text for details
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in (b). W(py) vanishes for zero momentum rather than resembling the maximum of
the two-dimensional distribution. This can be explained by the implicit integration
of the two-dimensional distribution along ¢, see Fig.4.5. For a fixed value of py,
the length of the path along which the distribution is integrated is given by 27 py,
thus by zero for vanishing momentum. Without correcting for the solid angle, large
momenta are enhanced in the resulting distribution W(py.) while the region around
zero is suppressed.

In order to obtain a distribution which resembles a “cut” through W(px, py),
W(py) obviously has to be divided by 27 p, or—subsequent renormalization
assumed—simply by its argument py,. This is nothing else than the Jacobian deter-
minant associated with the transition from the Cartesian coordinates (py, py) to the
polar coordinates (py, ), see e.g. [3] Sect. 8.4.2. The resulting distribution is shown
in Fig.4.8c. In order to avoid confusion, in this work, the transverse component of
solid-angle corrected distributions is denoted p, rather than py.

In the same way, solid-angle correction may be performed in the case of experi-
mental data. Here, due to the finite bin size Apy., the distribution has to be divided by
the respective area in the p,-p,-plane, 27 p,Apy + 7 ptzr rather than by the length of
the integration path. However, satisfying results require a high level of statistics in
particular in the region of low transverse momenta, where W(py) is divided by very
small numbers and the absolute uncertainties are massively increased. In contrast,
a theoretical distribution W¥(p, ) can always be converted into W(p,) without any
problems. In case of a low level of statistics in the experiment, this approach may be
beneficial in order to compare the results to theory.

4.2.3 Calibration of the REMI

The momentum reconstruction procedure as described in the previous section
requires an exact knowledge of all experimental parameters, from the position of
the gas jet and the precise spectrometer geometry to the voltages applied and more,
e.g. the gas jet velocity. Those parameters can not be determined with a sufficient
precision and partly may change inevitably over time or from measurement to mea-
surement. For example, a change of the wavelength using the OPA as described in
Sect.2.2.5 leads to a slight spatial offset of the laser beam and thus to a small shift of
the interaction volume inside the REMI. As a consequence, the distances over which
the ions and electrons are accelerated, a; and a. in Fig.4.2, are altered. Even very
small shifts lead to evident deviations in the momentum spectra if the change of the
parameters is not considered. This is done within a suitable calibration procedure per-
formed for every individual set of data. The procedure yields consistency within the
single data-sets, e.g. between ion and electron momenta, and ensures comparability
of the different data sets. In the following, the most relevant steps are described.
Figure 4.9 exemplarily shows flight time distributions obtained in the experiment
with a krypton gas jet and a wavelength of 470 nm. The distributions for ions in (a)
and (b) bear resemblance with results obtained with a conventional time-of-flight
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Fig. 4.9 Particle flight time distributions measured with the REMI. a Ion flight time distribution
using a krypton gas jet and laser radiation at 470 nm. b Closer look on the Kr™ peaks visible in (a).
¢ Electron flight time distribution

mass spectrometer: The maximum of each peak corresponds to the flight time of a
specific ion with vanishing momentum component p, while its shape resembles the
momentum spread in the ensemble, here (mainly) caused by the interaction with the
laser. Different species are visible, from light H ions originating from dissociation
of Hy molecules to Kr;” dimers formed during the creation of the jet. With a flight time
of about 23.5 s, water molecules from the residual gas in the chamber are detected.
In contrast to the species carried by the cold gas jet, they form a much broader
peak due to the higher temperature of about 300K. In (b), all krypton isotopes with
noteworthy natural abundance [1] are clearly resolved. Due to the multi-hit-capability
of the detector systems, several (here up to three) ions per laser shot can be recorded.
Regarding the four visible H" peaks, this feature of the spectrometer already reveals
an interesting fact in the raw time-of-flight spectra: One of the peaks, marked with (x)
in Fig.4.9a, has an increased contribution from the particles detected as second hit.
This can be utilized later to identify the underlying process as Coulomb explosion
H, —> 2H™ + 2e releasing two correlated ions within the same laser pulse, see
Sect.3.5.1. In the same manner, also the presence of dissociating krypton dimers can
be proven, marked with () in Fig. 4.9a. The electron spectra shown in Fig. 4.9c show
less intuitive structure.

Many parameters are used in the momentum reconstruction of the particles such
that the system is clearly overdetermined. If any of the parameters is varied, the
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resulting effect on the reconstructed momenta can approximately be compensated
by an appropriate adaption of others. Thus, a distinct set of parameters has to be
chosen and adapted during the calibration procedure while the remaining are fixed
initially to reasonable values. In this work, the latter is done for the spectrometer
geometry, see Table4.1, while e.g. the exact value for the voltage applied is one of
the varied parameters.

Figure 4.10 displays some of the important graphs obtained in the calibration pro-
cedure. From the measured flight times the longitudinal momentum is reconstructed
for singly and doubly ionized atoms. By adapting the spectrometer voltage and sub-
tracting a time-offset from the flight times, both momentum distributions can be
simultaneously centered around zero, see Fig.4.10a. The spatial distributions deliv-
ered by the detectors are scaled to circular symmetry. The detector sizes are adjusted
during the scaling of p described later.

The electrons move along their spiral trajectories and—independent of their
momentum—revisit the spectrometer axis at every integer multiple of the cyclotron
period. However, this is only true if the laser focus is actually situated perfectly
on this axis. Small deviations can—as inhomogeneities in the fields—be compen-
sated as follows: If the impact position of the electrons is plotted over their flight
time, a periodic structure can be observed as expected. At every multiple of the
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Fig. 4.10 Pictures obtained during important steps of the calibration procedure, see text for details.
A krypton gas jet is ionized with radiation of 470nm. a Longitudinal ion momentum p; for singly
and doubly charged ions. b Cyclotron motion of the electrons. ¢ Spatial distribution obtained on
the electron detector. d Two-dimensional electron momentum distribution. e Sum of longitudinal
momenta for ions and electrons recorded in coincidence for single ionization. f Spatial distribution
obtained on the ion detector. The color scale used is a logarithmic version of the one displayed in
Fig. A.la
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cyclotron period, the electrons’ impact positions are concentrated onto one single
spot, which allows a direct determination of 7c. However, initially, the coordinate of
this spot depends on the flight time rather than representing the center of the detec-
tor. Electrons with large flight times experience the magnetic field in other parts of
the spectrometer and—due to the inhomogeneities mentioned before—are slightly
deflected from their spiral trajectory. Quadratic polynomials at? + bt + ¢ are fitted
through the impact positions observed with respect to x and y at multiples of fc and
subsequently used to correct the electron impact positions. After this procedure, the
impact positions at multiples of the cyclotron period are aligned on the horizontal
axis, see Fig.4.10b, and the corresponding two-dimensional time-integrated spatial
distribution, Fig.4.10c, is centered around the origin.

The changeable parameters were chosen such that the overall result for the ion
longitudinal momenta were optimized. It is not surprising that such setting does
not perfectly work for the electrons. For example, the axis of symmetry in the two-
dimensional momentum distribution in Fig.4.10d, at first is not located exactly at
p1 = 0. Its position can be optimized by a linear scaling of the electron flight
times ¢ according to t' = at with a ~ 1. The sum of the longitudinal momenta
obtained for coincident ions and electrons, see Fig.4.10e, then features a sharp peak
centered around zero resembling momentum conservation. Since certain processes
selectively produce electrons with sharp energies, see Sect. 3.4, corresponding ring-
like structures are usually visible which are used to linearly scale the transverse
momentum component py. If the underlying physical process forming the structures
and thus their energy is known, a linear scaling of the full picture p’ = bp withb ~ 1
finally can yield an absolute calibration. The approach of a direct, linear scaling of
the measured flight times and the momenta within the calibration procedure has
already been used e.g. in [17].

In contrast to the case of the electrons, the center of the ion detector, the position
centered above the interaction volume, is not simply emphasized by the particles’
impact positions. In fact—regarding exclusively ions originating from the jet—the
center is expected to be hit rarely. Therefore, the water ions originating from the
residual gas are used to determine the central position on the detector. After com-
pensation of the initial offset, the detector can be turned such that the gas jet appears
aligned horizontally along the e, axis of the coordinate system, see Fig.4.10f. As
discussed in Sect.4.2.3, this simple rotation sufficiently compensates the influence
of the magnetic field on the ions’ trajectories. The relative rotation of the electron
detector and the scaling of the transverse momentum components of the ions can be
adjusted again by utilization of the correlation between the particles when originating
from the same ionization event.

At the end of the calibration procedure, the reconstructed momentum components
of the ions and electrons are consistent in direction and magnitude. This means for
example that the electron and the ion created in a single ionization process have
momenta with opposite direction and the same magnitude. The (very small) momen-
tum carried by the photons is neglected in this respect. Figure4.11 summaries the
relations between the different momentum components provided by steps of the
calibration procedure.
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Fig. 4.11 Methods used in the calibration procedure to relate the different momentum components
to each other, see also text: (/) Longitudinal momenta sum of electrons and ions, see Fig.4.10e.
(II) Shape of the rings formed in two-dimensional electron momentum spectra by electrons with
the same energy, see Fig.4.10d. (ZII) Same as for (/) but for the transverse momentum components
of the electrons and ions. (/V*) Identified structures of known momentum (if available)

4.3 Performance of the System

The most important features characterizing the performance of a spectrometer are the
acceptance and the resolution for the different particles of interest. These quantities
will briefly be discussed in the following.

4.3.1 Acceptance

As discussed earlier, photoionization experiments usually produce electrons much
faster than the corresponding ions. Detection of the latter is therefore typically
less complicated. Even (small) clusters are safely projected onto the detector, see
Fig.4.10f. However, dissociation processes may result in fast ions which might partly
miss the detector. In the experiments presented within this work this is relevant for
the results obtained e.g. in Hy —> 2H" + 2e™ processes, see Sect.7.1. The trans-
verse acceptance for these very light ions can be estimated roughly from the distance
of the center of gravity of the spot observed to the edge of the ion detector and Eq.
(4.10) to a momentum of about 5 a.u. or an energy of about 14 a.u. The longitudinal
acceptance is limited by the potential difference of the interaction region and the
electron detector since fast ions initially directed towards the latter have to return
before reaching the end of the spectrometer. For the typical parameters given in
Table4.1 and a singly charged particle this limit is at an energy of about 20 eV or
0.7 a.u. Depending on the mass of the ion this calculates for example to momenta of
about 52 (H*) or 470 a.u. (Kr™).

In case of the longitudinal momentum, the same arguments can be used for a rough
estimation on the acceptance in the case of the electrons which then typically yields
60eV or 2.2a.u. of energy corresponding to a momentum of 2.1 a.u. However, the
determination of the transverse acceptance for electrons is much more complex and
depends on the flight times. This is a consequence of the magnetic field which confines
the electrons on spiral trajectories. Figure 4.12a displays the radius r against the flight
time ¢ for the same data-set as shown in Fig. 4.10. At integer multiples of the cyclotron
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Fig. 4.12 Electron acceptance of the spectrometer. a Measured radius r over the flight time ¢ of the
electrons. A “node” is appearing after each integer number of cyclotron periods fc. Electrons having
this flight times are projected onto the center of the electron detector regardless of their transverse
momentum. The radius of the detector is shown as black dashed line. Counts above appear due to
a not perfectly centered electron distribution. b Reconstructed transverse momentum py. At flight
times where nods appeared in (a), the reconstruction only gives arbitrary values. The white line
resembles the acceptance, the highest transverse momentum p{}** an electron may own and still be
detected.The color scale used is a logarithmic version of the one displayed in Fig. A.la

period fc all electrons regardless of their initial transverse momentum py., hit the
detector at the same central position and consequently the acceptance is infinite (as
long as the particles do not hit e.g. the spectrometer electrodes on their trajectories).
Atthe same time, for these electrons any information about py, is lost. Mathematically,
a division by zero occurs in Eq. (4.8). Due to the finite accuracy in time and position
determination in the experiment the reconstruction already fails in the closer vicinity
of this singularities. In contrast to this, right in the middle between these flight times,
the acceptance reaches its minimum and the resolution its maximum: The electrons
are detected in the moment when they have the largest distance to the center and
R = 1/, cf. Fig.4.7. As can be seen from Fig.4.12b, electrons with a transverse
momentum component smaller than about 0.8a.u. corresponding to an energy of
about 0.32a.u. or 8.7V are detected independent of their flight time. It is reasonable
to regard this as the “overall” transverse acceptance of the spectrometer for electrons.

4.3.2 Resolution

The momentum resolution which can be achieved with a REMI depends—beside the
geometry and field strengths—on the momentum component considered, the particle
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type and—in the case of the ions—on their mass and the temperature of the gas jet.
If the uncertainty Ap is calculated by Gaussian error propagation of Az and Ar
in Egs.(4.2) and (4.8), a general decrease of the resolution can be expected with
increasing mass of the particles [17]. A quantity often used as indicator of the overall
spectrometer performance is the width of the peak formed in the momentum sum
distribution of correlated particles arising from single ionization events, see e.g. [14].
In Fig.4.13, this is shown for single ionization of two different species, krypton and
molecular hydrogen, at a wavelength of 470 nm.

The difference in width amounts to almost one order of magnitude. For the hydro-
gen measurement, a width of less than Ap; = 0.018 a.u. is observed. Since both, an
electron and an ion are involved in forming the peak, its width is a measure of the
“overall” spectrometer resolution. As the electron resolution can be expected to be
constant, the difference in widths can be attributed to the different resolutions for the
ions. However, the focus of this work lies on electron momentum distributions. The
largest value for »/5, observed in the measurements is about 100 and 85 for p; and
Pu» respectively, see Fig.6.5a.

4.3.3 General Limitations and the Importance of Excellent
Vacuum Conditions

Although REMIs offer many advantages such as kinematically complete data and
excellent resolution, they also have general limitations. The most striking drawback
of the technique, compared with e.g. VMI and others, is the restriction to essentially
one ionization event per laser shot. Even though the detection of several particles is
possible and the particles stemming from a certain ionization event can in principle
be identified by their vanishing momentum sum, technical limitations often prevent a
successful measurement if more than one particle is ionized. These are, for example,
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Fig. 4.13 Sum of longitudinal momentum components of ion and associated electron from single
ionization of krypton and molecular hydrogen at a wavelength of 470nm (circles). The FWHM
values are obtained from (unweighted) Gaussian fits shown as solid lines
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the finite dead time of the detectors and the maximum number of particles detected for
every laser shot. Due to the fixed repetition rate of about 3 kHz in the measurements
performed in this work, see Sect. 2.2.1, statistics may be an issue and long acquisition
times result. Since every laser shot ionizing residual gas in the chamber is “lost” for
the data analysis in this respect, special care has to be taken to minimize those
events. Therefore, carefully selected materials, differential pump sections along the
gas jet, adequate baking of the main chamber and an efficient beam dump are used
to achieve excellent vacuum conditions. The operating pressure in the main chamber
of the REMI used in this work is well in the 10~!'! mbar regime.
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Chapter 5
Tunnel Ionization from a Coherent
Superposition in Ar™

This chapter presents the results obtained in measurements where a coherent
superposition of electronic states, a spin-orbit wave packet (SOWP), in singly charged
argon ions is utilized as an initial state for further tunnel ionization. The dynamic
target enables state-selective investigation of the tunneling process and thus the test-
ing of fundamental predictions about the electron momenta directly after tunnel-
ing. Although modern streaking-experiments including the attoclock rely on a well
known initial momentum distribution, many aspects are not yet studied in detail.
Equation (5.6), relating the transverse momentum distribution after tunneling to the
respective situation in the bound orbital, is one prominent example. By utilizing the
SOWP as dynamical target, the product form of the relation is tested—to the best of
our knowledge—for the first time in an experiment. The main results and hence large
parts of this chapter have already been published in [10]. First, in Sect.5.1, SOWPs
are introduced in a general fashion by a summary of the theoretical and experimental
work carried out in the past, with particular regard on the possibility of SOWP cre-
ation via ionization with a strong laser field. Section5.2 presents the experimental
results obtained within this work and explains the model used to interpret the data.
Both will follow [10], moreover provide supplementary information.

5.1 Spin-Orbit Wave Packets in Noble Gas Ions

If the coupling between the orbital angular momentum / and the spin s, the spin-
orbit coupling, for the single electrons in an atomic shell is small, the system may be
described best in terms of L S- or Russell-Saunders-coupling [18, §72]: The angular
momenta_and spins of the electrons couple first among themselves according to
L =3l and S = >, 5; followed by a coupling of the total angular momentum
with the total spin according to J=L+S. Although this scheme is most successful
for the light atomic species, it allows a qualitative description also for heavier species,
in particular in their ground state [18, §72].
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The situation in a ground state atom has to be described in the coupled basis, using
the eigenstates of the systems’ extended atomic Hamiltonian, see e.g.
[18, §72]. However, if the atom is exposed to a sufficiently strong external elec-
tric (laser) field, the situation changes substantially: Since the (non-relativistic) field
exclusively interacts with the spatial part of the wave functions but not with the
spin, the states become “uncoupled”, see e.g. [30]. The interaction between laser
and atom can then be treated in the uncoupled basis. This was already implied in
Sect. 3.2, where all the equations for tunnel ionization depend on / and m rather than
on J and m . Later, when the laser pulse is over and the electric field is gone, the
states “couple” again.

These aspects gives rise to the following scenario [30, 32]: A laser pulse interacts
with an atom and induces an electronic transition to a certain excited state, described
in the uncoupled basis. Later, when the system approaches the field-free situation, this
state has to be evaluated in the coupled basis. The respective expansion coefficients
are given by the well-known Clebsch—Gordan coefficients, see e.g. [5, Fig.40.1]. As
a consequence, the population of one certain state in the transient uncoupled basis
translates into a coherent superposition of states in the coupled basis. In the most
simple case, namely a superposition of two states, this results in an electronic wave
packet with a characteristic period of [30]

Ts = 27/Au, (5.1)

where Aw is the energy difference of the two coupled states involved.

The timescale of the induced dynamics crucially depends on the system and is in
the order of 70 ps for Rydberg states in cesium [30]. In the following, the mathematical
description of a SOWP formed by the coherent superposition of a P/, and a *Ps;,
state is given, as it was carried out for the special case of alkali atoms in [30]. As
shown in [32] and discussed later, the equations obtained can also be used to describe
a SOWP in noble gas ions, involving the collective motion of five valence electrons.

Consider a single electron of spin projection m; = £1/2to be excited during a laser
pulse to a (uncoupled) state W; ,, ., here the selected state Wy g 11/, (tf = 0). Using
the Clebsch—Gordan coefficients, see e.g. [5, Fig.40.1], this state can be evaluated
in the coupled basis @ ; to describe the situation after the laser pulse is over [30]

m

2 1
W01, =0) = \/;q)3/2,:|:1/2 F \/;(Dl/z,:tl/z- (5.2)

This is the superposition of states forming the SOWP. The subsequent dynamics of the
system can be calculated by applying the time evolution operator T = exp(—i H t) ,

see e.g. [7, complement Fyy]. Since the states ®1, 11/, and ®s, 11/, are eigenstates of
the field-free system with energy wi, and ws,, respectively, it follows for ¢ > 0 [30]

2 ) 1 .
lylﬁo,il/g(t) = \/gexp(—zwg/zt) @3/2,i1/2 F \/;exp(—twl/zt)cbl/zil/z. (53)
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This expression describes the evolution of the SOWP in the field-free environment.
A common way to investigate such dynamics is the probing of the system with a
second laser pulse arriving at a later time. The situation which is found by this pulse
depends on the time delay ¢ with respect to the first. The coupled states in Eq.(5.3)
again have to be evaluated in the decoupled basis which yields [30]

2 ; N 2 . 1 _.
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Independent of the spin projection of the initially excited electron, the probability to
“find” the system in a certain state is given by the absolute square of the respective
prefactors in Eq. (5.4) and depends on the quantum number m as [30]

P, = >, 4 A
m=0 (f) = 5 + 5 cos(Awt)
4
P () = 5 [1 = cos(Awn)], (5.5)

where Aw = |ws, — wiy,| is the spin-orbit splitting. The oscillation of a large fraction
of the population between the different orbitals causes a unique fingerprint in the
time-resolved ionization yield [30].

Now, the focus will return to noble gas atoms exposed to strong fields. As seen in
Sect. 3.2, the ADK rate Eq. (3.4) describing the tunneling process in linearly polarized
light is highly sensitive on the quantum number m, cf. (3.5), and favors ionization
from the m = O orbital over orbitals with [m| = 1. For typical laser intensities
between 10'* and 10" W /cm?, the ratio wn-o/u,,_, given by (3.5) calculates to about
15 to 47 for Ar and 34 to 108 for Ar™, respectively. In both cases it decreases with
increasing intensity. Consequently, single ionization of the noble gas atom most
likely removes an electron from the m = 0 orbital of the valence shell.

As shown theoretically in [24, 32], this fact can be used to ignite a SOWP in the
valence shell of noble gases, where—after tunnel ionization of one electron—the
remaining five valence electrons in the singly charged ion are collectively oscil-
lating. A treatment of the missing electron as a “hole” in the valence shell allows
the use of the single-particle equations (5.2)—(5.5) in order to describe the system
[24, 32]. However, the time-scale of the process is still determined by the spin-orbit
splitting in the system. The creation of such a SOWP in ultrashort strong laser pulses
could experimentally be observed in Ne™ and Art [11] as well as in Kr* [12, 31].
Once created, the wave packet is stable since no decay channels are present and the
dynamics lasts at least for nanoseconds [11], presumably even much longer.

Two aspects have to be considered in order to select the perfect species for
measurements with a REMI: First, since statistics is always important, the atoms
(and the respective singly charged ions) should be relatively easy to ionize with the
laser system available, which favors heavier species, see Table A.2. Second, in the
optimal case, the laser pulses used are much shorter than the period of the SOWP.
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The pulse duration of about 7 fs provided by the laser system, see Sect.2.2.2, rules
out the usage of Krt and Xe*. Therefore, argon is the optimal candidate for the
measurements.

5.2 A SOWP in Ar? as Initial State for Further Tunnel
Ionization

The dynamics of the multielectron SOWP launched by a strong laser pulse and the
consequences for the electron momentum distributions arising from further ioniza-
tion was studied theoretically in [32]. The authors implicitly propose an experiment,
involving two ultrashort, linearly polarized laser pulses in a pump-probe scheme: The
first pulse is utilized to remove an electron from the atomic p-shell, most likely from
the m = 0 orbital aligned along the laser pulse. Thus, as discussed in the previous
section, a coherent superposition of the two electronic eigenstates *P1, and *Ps, is
created in the Ar™ ion, which can be used as an initial state for further tunnel ioniza-
tion in the second laser pulse. Due to the dynamics of the wave packet, the relative
contributions from the two states to this second ionization process vary with the time
delay between the two pulses or—in other words—can be controlled by controlling
the delay. Two of the consequences predicted in [32] are a delay-dependent ion yield
and the possibility to find the imprint of the SOWP in the transverse momentum dis-
tribution W(p, ) (perpendicular with respect to the laser polarization) of the electrons
freed in the second ionization step.

In particular the latter topic is extremely interesting: Since the transverse momen-
tum of the freed electron is not affected by the (non-relativistic) laser field, the
measured momentum distribution reflects the actual situation right after the tunnel-
ing process. However, this is only true as long as the Coulomb interaction between
the electron and its parent ion is neglected. In fact, as will be discussed later, the
transverse momentum distribution is altered by this interaction. Nevertheless, it is
possible to obtain information about the tunneling process and the relation between
the measured momentum distribution and the bound-state momentum. This will be
shown in Sect.5.2.4.

In recent work and as an extension to Eq. (3.6), the transverse momentum distri-
bution is—if the Coulomb interaction with the nucleus is completely neglected—
supposed to almost directly represent the bound-state momentum distribution in the
respective orbital [3, 8, 14, 29, 32]. The tunneling process is understood as a “filter”
of Gaussian shape, projecting the respective absolute square of the wave function in
momentum space ‘il(,L 1,ym onto the plane perpendicular to the laser polarization, into
the continuum [3]

V2Ei 2) . (5.6)

WipL) = |®m(pl>|2exp(— 7Pl


http://dx.doi.org/10.1007/978-3-319-32046-5_2
http://dx.doi.org/10.1007/978-3-319-32046-5_3

5.2 A SOWP in Ar™ as Initial State for Further Tunnel Ionization 81

It is noteworthy that the exponential term also occurs in the original expression of the
ADK model, cf. Eq. (3.6). Since the Gaussian filter term is identical for orbitals with
the same ionization potential, the product form of Eq. (5.6) may in principal be tested
by comparing the distributions arising in selective tunnel ionization starting from
different orbitals. However, in typical strong-field experiments, state-selectivity for
energetically close states is hard to achieve and the observed signal always contains
contributions from several orbitals. In the following it is shown, how the utilization of
a SOWP as an initial state for further tunnel ionization can overcome these problems,
offer state-selective information about the tunneling process and thus allows to test
the product form of Eq. (5.6).

In the experiment a pair of ultrashort laser pulses with linear polarization is created
from the output of a femtosecond laser system by spectral broadening in a neon-
filled hollow-core fiber and subsequent chirped-mirror compression followed by a
Mach—Zehnder interferometer as described in Sects.2.2.2 and 2.2.3, respectively.
As described in the latter, the pulse duration is optimized beforehand by utilizing
the output signals of a Stereo-ATI spectrometer and can thus be estimated to be
7fs or less. The laser intensity can be determined to be about 5 x 10'* W /cm?,
see Sect.5.2.1. In order to avoid the nonlinear autocorrelation signal arising in the
temporal pulse overlap, the time delay ¢ is chosen with an offset of some periods.
The argon gas jet is created with a prepressure of about 3 bar and truncated by the
attenuation slits in front of the REMI, see Sect. 4.1, in order to limit the ion count-rate
detected by the REMI to about 800 events/s.

Figure5.1 shows the characteristic fingerprint the SOWP leaves in the time-
resolved Ar™ ion yield as predicted [32] and measured [11] before. As shown
in Table 5.1, the oscillation period for Ar™ is about 23.3 fs. The periodicity obtained
from the oscillation and the position readout of the Mach—Zehnder interferometer

Ar*T jons per laser shot

w

i i+1 i+2 i+3
t/TS

Fig.5.1 Fingerprint of a SOWP in Ar™ in the experimental ion yield (light blue bars). The solid line
represents a sinusoidal fit to the data. Due to a higher ionization rate for the m = 0 orbital in Ar™,
the yield maximizes for phases of the SOWP, where the electron density in this orbital is highest
as indicated by the inset orbitals. The fast oscillation arises from interference between the pulse
pedestals of pump and probe pulse. Picture taken from [10] and slightly adapted, (©) 2014 American
Physical Society.
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Table 5.1 Energy differences Aw from [16] and resulting SOWP periods according to Eq.(5.1)
for different noble gas ions

Species Spin-orbit splitting Aw (meV) | Period Ts of SOWP (fs)
Ne* 96.8 42.7
Art 177.5 23.3
Krt 665.8 6.2
Xet 1306.4 32

together with (2.27) is in good agreement with this value. Nevertheless, a final linear
calibration of the time-axis ' = at with @ ~ 1 is performed in order to find opti-
mal agreement with the sinusoidal fit on the data shown additionally as solid line in
Fig.5.1.

At integer multiples of the period of the wave packet, t = iTs, the situation in
the ion is exactly the same as directly after the preparation with the first laser pulse,
the “pump” pulse: The electron density in the m = 0 orbital is decreased due to the
presence of the hole, cf. Eq. (5.5), and such is the total ionization rate since ionization
from this orbital represents the main ionization channel for the ion. In contrast to
this, at half periods ¢ = (i 4 1/2) Ts the electron density maximizes hence the system
is ionized more easily to Art™". Interference spikes arise from temporal overlap of
the pulses’ pedestals.

An “event” recorded by the REMI consists of an ion of a certain species and—
in the case of single and double ionization—of one or two associated electrons. In
this two- or three- particle coincidence measurements, special care has to be taken
according to the selection of the events to be further considered and processed in
the data analysis. As it turns out, particles detected in coincidence do not always
stem from the same ionization event. The correlation between the obtained momenta
caused by momentum conservation can be utilized for event selection. In general,
exclusively those events, in which exactly one ion (and no second) of the desired
species is detected, are considered. In case of Ar*™, in addition only events are
processed, where exactly two electrons are detected. The particles are then checked
in terms of momentum conservation and only accepted if they stem from the same
ionization event.

Figure 5.2a shows the correlation plot obtained for the longitudinal momenta of
Art and the associated electrons in logarithmic scale. Pairs of particles originat-
ing from the same ionization event are found on the diagonal with negative slope.
Only events between the two solid lines additionally shown are selected and further
processed. The same can be done in the case of ArtT, if the sum of the electron
momenta is considered for the respective axis, see Fig.5.2b. In (c) the photoelectron
momentum spectrum of the selected electrons from (b) is shown. As discussed in
Sect. 4.3, the cyclotron motion of the electrons leads to longitudinal momenta p; for
which no information can be extracted along py; since all electrons hit the detector in
one spot. These events are sorted out as well and hence not displayed in the picture.
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Fig. 5.2 Selection of associated ions and electrons from coincident data. In general only events are
considered where exclusively one ion of the desired species is detected. a Longitudinal momenta
of Ar" ions and electrons measured in coincidence. Particles originating from the same reaction
comprise anticorrelated momenta due to momentum conservation. These events form the diagonal
structure from the top left to the bottom right in the figure. Black solid lines show the condition
which is applied: Only events found between the lines are considered in the further data analysis.
b Same as (a) but for a three-particle coincidence between Art™ and the two electrons associated.
Here, it is the sum of the electron momenta which is anticorrelated to the ion momentum. ¢ Electron
momentum spectrum for the electrons selected in (b). Events with flight times close to integer
multiples of the cyclotron period are sorted out due to the insufficient information about their
transverse momenta obtainable. These events are also not considered in the further analysis. The
color scale used is a logarithmic version of the one displayed in Fig. A.la

It is reasonable to first examine the overall, time-integrated electron transverse
momentum distributions, shown in Fig. 5.3 for the two individual steps of the sequen-
tial ionization, Ar — Art and Ar™ — Ar**, respectively. While the first distribution
is directly accessible in coincidence with Ar™, the second one has to be reconstructed:
From the (normalized) two-electron momentum distribution obtained in coincidence
with Ar*™ the (normalized) one for Ar™ is subtracted and the second process thus
approximately' isolated. At first glance, the two distributions look surprisingly sim-

Deviations could occur e.g. if the Ar ions detected are preferentially in a different state than the
Ar™ ions serving as precursor for the second ionization step to Art™.
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Fig. 5.3 Symmetrized, time-integrated, transverse momentum distributions for the two ionization
steps Ar — Art and Ar™ — Art™T obtained in the experiment in a linear scale and b logarithmic
scale. The distributions only slightly differ in width. In both distributions, a sharp, cusp-like structure
at zero momentum appears. The distribution for the second step has to be reconstructed, see text
for details

ilar and only slightly differ in width although the shape of the Gaussian filter in
Eq.(5.6) is clearly different. The overall shape of the distributions observed is not
at all resembling what one would expect based on this expression. In particular the
sharp cusp-like structures arising at zero momentum seem peculiar. However, this
structure, commonly known as “Coulomb Singularity”, has already been observed in
other measurements with strong linearly polarized laser pulses for different noble gas
atoms and can be related to the Coulomb interaction between the outgoing electron(s)
and the parent ion [25].

The massive modification of the electron momentum distributions caused thereby
raises the question, whether an imprint of the initial state, as predicted by Eq. (5.6), is
preserved and detectable at all. More than a decade ago, in investigations of ionization
processes in highly-energetic ion-atom collisions, the same question was asked: In
different experiments, similar cusp-like structures caused by the Coulomb interaction
were visible [20, 26]. However, as could be shown in [9, 21], the information about
the underlying atomic structure indeed is preserved to some extent. Later it will be
shown that this is also true for strong-field ionization.

5.2.1 Estimation of the Laser Intensity

Since the ionization process strongly depends on the field strength, the knowledge
about the laser intensity present in the experiment is crucial in order to obtain realis-
tic results from the model, which will be discussed in Sect. 5.2.2. The laser intensity
is extracted from a Gaussian fit to the measured longitudinal momentum distribu-
tion W( p“) of the singly charged Ar" ions. According to (3.6), the field strength
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Fig. 5.4 Estimation of the laser intensity from the experimental data. Data (bars) together with
best fit to the data (solid line) from which the intensity is derived. The dashed line visualizes the
expected distribution for an intensity twice as high

(and thus the intensity) can directly be determined from the width of the distribution.
For the fit, a wavelength of 790nm is assumed. The experimental distribution and
the best fit to the data is shown in Fig. 5.4, resulting with Eq.3.6 in an intensity of
5.1871 x 10'* W/cm?. Please note that the number of digits given by far overesti-
mates the accuracy of the method. However, since the fit parameter is used in the
model, it is given here with this accuracy. For later argumentation and in order to
visualize the magnitude of change in the width of the distribution for a different
intensity, the respective curve is shown for the doubled intensity value as dashed
curve.

The laser intensity is ideally matching the requirements of the experiment: On one
hand, it is high enough to avoid NSDI as the main double ionization process [4, 19].
On the other hand the intensity is not too high such that only a small fraction of atoms
is directly doubly ionized in one of the two laser pulses. Furthermore, the Keldysh
parameter, see Sect. 3.1, for the second ionization step Art — Ar'™ calculates with
atomic data from Table A.2 to v &~ 0.7. Hence, the ionization clearly takes place in
the tunneling regime.

In this context it is also important to remind the properties of the laser focus
discussed in Sect.2.1.3 and the intrinsic averaging of different intensities in the
experiment caused thereby. The extracted intensity value should be seen as the best
“effective” value optimizing the agreement between experiment and the ADK model.
Nevertheless, intensity estimations based on measured momentum distributions are
widely-used, often for experiments with circularly polarized light, see e.g. [1, 28]. A
more precise method has been developed only for the ionization of atomic hydrogen
up to now [23].
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5.2.2 The “Scaled Hydrogen” Model

The aim of the model presented in this section is—based on Eq. (5.6)—the prediction
of electron transverse momentum distributions obtainable at different phases of the
SOWP and thus at different electronic configurations of the dynamical target. This
requires knowledge about the wave functions in momentum space U,(p.). Since
argon with its 18 electrons is a fairly complicated atom, a high level of simplification
has to be accepted in order to build a model that is able to deliver results with
reasonable effort and computational time.

If instead of an argon atom a hydrogen atom is considered, the situation dramat-
ically simplifies since appropriate analytic solutions are available. The model, used
in [10] and described in the following is based on this hydrogenic situation. The
adaption to the actual situation in Ar* is performed by an appropriate “scaling” of
the wave functions, an approach also used e.g. in [8, 32]. The model resembles the
one used in [32], however differences exist in details concerning the scaling and the
calculation of the ionization rates to Ar™+.

Ionization Rates and Individual Contributions of the Orbitals

The first step in the experimental scheme is the preparation of the wave packet
by single ionization of Ar in the pump pulse. The model in general only consid-
ers the electrons in the valence shell, in the case of neutral Ar six 3p electrons.
Using the intensity value extracted in the last section, Eq.(3.5) yields—with the
ionization potential from Table A.2—wn=0/w,,_; & 20.5 for a single electron and
thus—considering the number of electrons in each of the orbitals—an overall rela-
tive contribution of the |m| = 1 orbitals to the ionization to Ar" of less than 9%. In
the following, this minor channel is neglected, hence the first ionization is assumed
to always take place from the m = 0 orbital. This assumption may lead to a slightly
overestimated contrast in comparison to the experiment but, apart from that, does
not have any further influence. In the model, the hole is thus defined to be created in
the m = 0 orbital by the pump pulse.

Further, the transitions to the field-free situation and back are assumed to happen
instantaneously, such that the wave function can simply be evaluated in the new basis
as discussed in Sect.5.1. In this respect, the pulses are treated as of infinitely short
duration. The SOWP is starting its dynamics in the Ar™ ion as discussed in Sect.5.1.

The interaction with the probe pulse after a certain time delay ¢ is treated as
follows: The hole density in the orbitals is given by Eq.(5.5) and thus the electron
density in the orbitals can simply be calculated as 2 — P,,—o(t) respectively 4 —
Pynj=1(¢). The relative contribution of the orbitals is again calculated with (3.5) now
using the ionization potential of the singly charged ion, see Table A.2. The (small)
change of the ionization potential due to the excitation of the ion is neglected here.

Due to the increased ionization potential compared to the neutral atom, the con-
tribution of the |m| = 1 orbitals is further suppressed and now varies for the given
intensity between about 7.8 % (at + = 0 and integer multiples of 7g) and 3.3 %
(athalf periods) of the total signal. Figure 5.5 gives an overview about the configuration
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Fig. 5.5 Situation in the Ar atom and ion as treated in the model. The blue and the green line show
the total number of electrons in the m = 0 and |m| = 1 orbitals, respectively. At t = 0, the pump
pulse instantaneously removes one of the electrons in the m = 0 orbital and ignites the SOWP and
thus a periodic redistribution of the remaining electrons. The red curve shows the varying relative
contribution of the |m| = 1 orbital to the subsequent second ionization to Ar™+ as calculated by
the model, see text for details

of the electronic shell as assumed in this model and the varying relative contribution
of the |m| = 1 orbitals induced by the SOWP.

Momentum Distributions for Ionization from the Individual Orbitals

Due to the laser field present during the ionization, the decoupled basis has to be
considered as discussed in Sect.5.1. The calculation of the momentum distributions
resulting from ionization of the different orbitals using Eq. (5.6) requires knowledge
of the respective wave functions in momentum space. For hydrogen-like systems,
these can be derived analytically [22] and—as a direct consequence of the radial
symmetry of the Hamiltonian—are given by a product of a radial and angular part
like in the spatial domain, see e.g. [18, §32]. The latter is given by the spherical
harmonic functions Y}, in both domains, see e.g. [5, Fig. 40.1]. In momentum domain
itis [13, Sect.9.1.3]

\I"(n,l,)m(p: epv @p) = Fn,l(p) : Ylm(‘gp’ Wp)a (5.7

with the radial part
F,(p) = 222021 M (%)l L cl+! n’p* — Z?
" nZn+D! \Z (nzpz + Zz)l+2 n==N\ g2 p2 4 72
(5.8)
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and the Gegenbauer polynomials Cflf}_ 1» see e.g. [13, Sect.9.4.3]. With n = 3 and

| =1 for the valence electrons in argon and Clz(x) = 4x, Eq.(5.7) reads

(5.9)

. 9p? — 72 =
U (. Op, 0p) = 216V2 /o POP : .{ﬁ“’s(@/’) e

s (9p2 + 22)4 Fsin(6,) et m=+1.

The square of this analytic expression can now be projected onto the plane transverse
to the laser polarization defined by 6, = 7/2, or—if appropriate Cartesian coordinates
are used—the ¢,-¢,-plane by numerical integration along é,. This procedure yields
(numerically) the functions [0, p1)|>. However, up to now, the result is only valid
in the case of atomic hydrogen (Z = 1) or any hydrogen-like ion I*~D* with
(Z > 1). The situation in argon is substantially different. Due to the large amount of
electrons, in particular in the inner shells, the nuclear charge Z is screened to some
extent such that a particular valence electron effectively interacts with an effective
charge Z* < Z. Since also the valence electrons, in particular those with low angular
momentum /, have a finite probability distribution close to the nucleus, the calculation
of Z* involves the full knowledge of the full spatial electron densities and thus the
knowledge of the wave functions themselves.

The simplest approach, which is also used in this work, is the determination of
Z* such that the ionization potential is correctly reproduced. From the commonly
known equation for the binding energy of the hydrogen atom E; = Z°/2.2, see
e.g. [13, Sect.9.1.1], it follows

Z* = /2En. (5.10)

Together with the atomic data from Table A.2 this yields Z* = 3.23 a.u. and Z* =
4.28 a.u. for the valence electrons of Ar and Ar™, respectively.

Alternatively, an effective quantum number n* can be defined likewise, n* =
Z/ J2E; as e.g. done (in a different context) in [2]. The definition of this effective
quantum number was implied already in Eq. (3.5). However, in the context of atomic
wave functions, non-integer quantum numbers are not convenient. The utilization
of an effective charge in Eq.(5.7) or Eq.(5.9) can be interpreted as a scaling of the
hydrogenic wave function both in momentum and spatial domain.

For completeness, it should be mentioned here that other scaling approaches exist
and are used for similar calculations. For example, the effective charges may be
estimated using Slater’s rules for the atomic screening constants [27]. These rules
were later refined by comparison with numerically calculated values using self-
consistent-field methods [6]. The latter yields e.g. Z* & 2.25 a.u. in the case of Ar™.
Such values were used for example in [8] to calculate the electron transverse momen-
tum distributions. However, violating Eq. (5.10) and hence predicting a completely
wrong ionization potential, these values contradict the hydrogenic approach of the
model. Therefore the values directly obtained from Eq. (5.10) are used.
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5.2.3 Transverse Momentum Distributions

The electron transverse momentum distributions obtained in the experiment were
already shown in Fig.5.3. Now, the respective predictions can be calculated using
the model discussed in the previous section. Figure 5.6a shows both the Gaussian
filter Fi (p1) and the projected wave functions (solid curves) for the first ionization
step, Ar — Art. The insets display the angular distribution of the orbitals in the same
color code. The experimental data for this first ionization step is shown in (b) together
with the distribution calculated with the model (red dashed curve). In addition, the
individual distributions arising from the different orbitals weighted by their relative
contribution are shown. The curve for [m| = 1 is multiplied by a factor of 10 for
improved visibility. Figure 5.6¢ displays the same as (b) but for the second ionization
step, Art — Ar™T. Due to the SOWP, the electron density and hence the relative
contribution of the orbitals is time dependent in this case. The cycle-averaged distri-
butions are shown as solid curves while semi-transparent areas display the expected
variation. For the blue and the red curve, the variation is too small to be clearly
visible.

Along the SOWPs’ evolution, the electron transverse momentum distribution is
expected to change slightly its width, see [32]. However, as the model used does
not account for the Coulomb interaction with the parent ion at all, the cusp arising
at zero momentum in the experiment is not reproduced. In return to [10], a more
elaborated theoretical investigation has been performed beyond the simple model
described here, namely solving the TDSE in SAE approximation with consideration
of the Coulomb interaction [15]. The resulting momentum distributions from these
calculations resemble the cusp-structure, however they are more narrow than the
ones experimentally obtained.

Although the difference between experimental results and the model prediction
is striking due to the Coulomb interaction, the similar widths of the two distributions
obtained for the single ionization steps are reproduced by the model. This can now
be understood as the result of the mutual compensation of three different effects [10]:

1. The shape of the bound-state wave function (in momentum space) is—according
to Eq. (5.6)—expected to directly influence the width of the distribution. For Art
compared to Ar, the wave functions are spatially confined to a smaller volume
due to the higher effective charge Z*. This results in broader distributions in
momentum space which translates to a likewise broader distribution expected
for the second ionization step.

2. The width of the Gaussian filter is the second term which—according to Eq.
(5.6)—directly influences the observed width. Due to the higher ionization poten-
tial of Ar* compared to Ar, the filter is more narrow for the second step. There-
fore, this aspect speaks for a more narrow momentum distribution for the second
ionization step.

3. The relative contribution of the different orbitals also has to be considered. Due
to the higher ionization potential of Ar" compared to Ar, the ionization from
the m = 0 orbital is even more dominant than in Ar, cf. Eq.(3.5). This also
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Fig. 5.6 Measured transverse momentum distributions and predictions from the model. a The
Gaussian filter (pL) (dashed black line) together with projections of the squared wave functions
onto the transverse momentum axis (blue and green solid line) for the ionization step Ar — Ar*.
b Symmetrized, time-integrated, experimental data (bars) together with calculated total momentum
distribution (red dashed line) and individual distributions arising from the different orbitals weighted
by their relative contribution (color code from a), see text for details. The curve for |m| = 1 is
multiplied by a factor of 10 for improved visibility. ¢ Same as b for the ionization step Art — Art™,
starting from a coherent superposition of states. The lines represent the cycle-averaged result while
the range of variation is indicated by transparent areas. Picture taken from [10] and slightly adapted,
(© 2014 American Physical Society.

holds if the electron densities are considered as done in the model. Since the
ionization of this orbital produces a fairly narrow distribution peaked around zero
momentum, this aspect also narrows the momentum distribution observed for the
second ionization step.

In summary, the first aspect broadens the distribution expected from the second
ionization step while the latter two cause the opposite behavior and compensate for
this effect.



5.2 A SOWP in Ar™ as Initial State for Further Tunnel Ionization 91

5.2.4 Time-Resolved Momentum Distributions

In order to examine the dependence of the electron momentum distributions on the
phase of the SOWP it is useful to define the difference between the momentum
distribution obtained at a certain phase and the average distribution (integrated over
all phases) as [10]

D(p, 1) = W(p,1) = W(p). (.11

This expression, applicable to both longitudinal and transverse momentum
components, emphasizes time-dependent components in the total signal while any
time-independent background is suppressed. However, the time-resolved investiga-
tion has large impact on the available statistics which is—for each time-step—much
lower than in the respective, time-integrated distribution in Fig.5.6. Since solid-
angle correction in this situation leads to a massive increase of noise especially
in the regions of small momenta, see Sect.4.2.2, it should be avoided. Instead, as
discussed in Sect.4.2.2, the theoretical distributions—which resemble solid-angle
corrected distributions—can be appropriately transformed.

D(py, t) and D(py, t) may first be calculated for the two “extreme” phases of the
SOWP, namely the situation at full and half periods. In the case of the experimental
data, an integration over a finite range is necessary to obtain enough statistics. As
indicated in Fig.5.1, two time windows A and B are defined for this purpose, each
with a with of 7s/4. Figure 5.7 shows the result in the case of the transverse and the
longitudinal momentum component in (a), (b) and (c), (d), respectively. In the case
of the transverse distributions, the respective predictions calculated with the model
described in Sect.5.2.2 for t = iTs and ¢+ = (i 4 !/2)Ts are additionally shown as
black solid curves.

The fingerprint of the SOWP can clearly be seen in the electron transverse momen-
tum distributions. Within the errorbars the experiment agrees remarkably well with
the simple model, although e.g. the Coulomb interaction is not considered at all. As
predicted from Eq. (5.6), the width of the transverse momentum distribution directly
reflects the situation in the bound orbital. The only noticeable difference between
experiment and model is the overall width of the distributions which seems to be
slightly underestimated by the latter. Since this deviation can in principle be explained
with a different laser intensity, this parameter is adjusted to find a better qualitative
agreement. This is achieved with a two times larger intensity (see dashed curves
in Fig.5.7a, b). However, this value for the intensity—within the ADK model—
clearly causes large deviations between the expected and measured ion longitudinal
momentum distributions as visible in Fig. 5.4, where the prediction with the higher
intensity is shown as dashed line. Therefore it can be concluded that the product
form of Eq.(5.6) is—at least in first order—valid, but the overall predicted trans-
verse momentum distributions are slightly too narrow. In this context it should be
mentioned that this trend was already seen in an experiment using circularly polarized
light in 3, 8], where a deviation of about 15 % was found.


http://dx.doi.org/10.1007/978-3-319-32046-5_4
http://dx.doi.org/10.1007/978-3-319-32046-5_4

92 5 Tunnel Ionization from a Coherent Superposition in Art

0.1

(a) (c)

D(py;) [arb.u.]
D(p1) [arb.u.]

0.0 0.5 1.0 -2 -1 0 1 2
D [a.u] m [a.u]

Fig. 5.7 Electron momentum distributions at different phases of the SOWP. a and b Difference
between the transverse momentum distributions obtained in the time-windows A (a) and B (b) as
defined in Fig. 5.6 and the average momentum distribution, cf. Eq.(5.11). The experimental data is
shown as bars, the distribution predicted by the model from Sect.5.2.2 as black solid curve. The
dashed lines show the prediction of the model for an intensity twice as high as the vale extracted
from the data, see text for details. ¢ and d Same as a and b but for the longitudinal momentum
component. Picture taken from [10] and slightly adapted, (© 2014 American Physical Society.

Recently, TDSE calculations were carried out to investigate the momentum
distributions beyond the “scaled hydrogen” model, including also the Coulomb
interaction [15]. The resulting predictions for D(p, t) qualitatively reproduce the
experimental results shown in Fig.5.7a, b. However, as mentioned by the authors,
deviations occur in particular in the situation of (a), where the simple model achieves
clearly better agreement with the experimental data.

For the longitudinal component pj, no significant dependence on the phase can
be seen, see Fig.5.7c, d. This is in agreement with the common assumption that the
electron is set free with zero momentum in the direction of the field polarization at
the exit of the tunnel, see Sect.3.2. However, any other distribution independent of
m is likewise in agreement. In addition, as shown in [17], soft recollisions of the
freed electron with its parent ion may lead to a “bunching” of the electron energies
and thus could conceal any difference in the initial distributions.

The complete dynamics of the SOWP and its influence on the transverse momen-
tum distribution is accessible using a “sliding-window” approach, where the center
of window A from Fig.5.1 is slid in tiny steps across the full period, resulting in
a time-resolved momentum distribution, see Fig.5.8a. Again, the model is evalu-
ated at the central points of the windows without any averaging and the respective
distribution shown in (b).
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Fig. 5.8 Full dynamics of the SOWP in the transverse momentum distribution. a Same as Fig. 5.7a,
b but for a scanned time delay using a sliding-window approach. b Shows the related prediction of
the model. Outlines at 7/7s = 0 and 1/2 result in Fig.5.7a, b. Picture taken from [10] and slightly
adapted, (© 2014 American Physical Society.

In conclusion, electron transverse momentum distributions were shown for the
isolated steps of the sequential strong-field double ionization Ar —> Art —> Ar™*
induced by linearly polarized light. The Coulomb interaction between the electrons
and the parent ion clearly influences these distributions, as already observed in [25].
A spin-orbit wave packet in the argon ion was used as initial state for further tunnel
ionization. It was shown that—despite the Coulomb interaction—information about
the momentum distribution in the bound state of the ion is preserved. The SOWP thus
leaves a characteristic fingerprint in the electron transverse momentum distribution,
as predicted in [32]. Common assumptions about the tunneling process is strong laser
fields were tested including the product form of Eq. (5.6). The results of this chapter
have been published in [ 10], a comparison to TDSE calculations can be found in [15].
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Chapter 6
Population of Doubly Excited States
in Strong Laser Pulses

In the measurements presented in the previous chapter, a superposition of the elec-
tronic ground state >P3 , and the spin-orbit excited state P, A of Ar" was created in
a strong laser pulse. In this situation, the difference in energy between the two states,
the spin-orbit splitting, drives the dynamics of the system. In contrast, if the system is
situated in only one of its eigenstates, no dynamics is induced in the electron cloud.
The general possibility to excite the ground state ion and thus temporally store a
well defined amount of energy has wide implications for the interaction with strong
laser pulses. In neutral Rydberg atoms, the population of doubly excited states (DES)
has been observed in experiments with short wavelengths, see e.g. [7, 14]. However,
for longer wavelengths approaching the tunneling regime, where the excitation of
Rydberg states was recently related to the three-step model and the frustrated tun-
neling ionization (FTI) process, see Sect.3.4.3, to the best of our knowledge no
indication of excitation of DES has been reported yet.

In this chapter, results obtained with different noble gas atoms and a large range of
ionizing wavelengths, from the beginning of the ultraviolet at 395 nm to the infrared
at 1600nm, are presented. By variation of the wavelength, a transition is driven
from the multiphoton to the tunneling regime. The efficient population of doubly
excited states (DES) involving the Rydberg series in the species is proven for several
wavelengths, including long wavelengths associated with the tunneling picture and
the FTI process. As will be discussed, the population of DES by FTI observed
might involve resonant recapturing of a slow electron and simultaneous excitation
of the ion to the excited *P; , state, a process commonly known as dielectronic
recombination and heavily investigated—for higher charged or lighter ions—for
decades in a manifold of experiments.

Section 6.1 gives a brief overview about the Rydberg series in noble gas atoms,
where one of the electrons is highly excited and orbiting the respective singly charged
species. The possibility of the excitation of this “inner ion” or the electronic core
is discussed followed by its implications, namely the formation of two different
Rydberg series and the possibility of autoionization. The experimental results are
presented in Sect.6.2. The population of DES during the laser pulse is proven for
different wavelengths up to 1300nm and a possible involvement of dielectronic
© Springer International Publishing Switzerland 2016 97
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recombination discussed. Further experimental data and different considerations
about the autoionization dynamics of the systems are presented in Sect. 6.3, where
a second laser pulse is used to manipulate the population in the autoionizing states.
Finally, results obtained with other species, namely neon and molecular nitrogen,
are briefly discussed in Sect. 6.4.

6.1 Noble Gas Rydberg Atoms

The Rydberg state of an atom is characterized by the high excitation of one of the
electrons and the associated large mean distance of this particular electron to the
nucleus compared with e.g. the diameter of the electronic shell in the ground state,
see e.g. [9, Sect.6.6.4]. The situation is depicted in Fig. 6.1b. The nucleus together
with the remaining part of the electron cloud, the electronic core, as referred to in the
following, forms the well-known singly charged ion of the respective species. For an
electron far outside, the exact shape and composition of the attracting central object
is of minor importance such that the situation can often be approximated well by a
hydrogenic picture, see Fig. 6.1c. The energy levels then follow the famous Rydberg
equation, see e.g. [9, Sect. 6.6.4]

Ry

En =Ei__9
n2

(6.1)
where FEj is the ionization potential, Ry the Rydberg constant and » the main quantum
number. This approximation is in particular good for electrons which have a low
probability density in the inner regions of the atom. As can be seen from an analysis
of the radial part of the hydrogen wave functions R, ;(r), see e.g. [17, Sect.9.1.1],
e.g. by plotting the radial probability densities given by r2 - R, i(r), this is the case
especially for states with large angular momenta / (and large principal quantum
number n).

(a)

electron cloud

screened nucleus

nucleus

electronic core Rydberg electron

Fig. 6.1 Schematic representation of atomic ground and excited Rydberg states. a Neutral atom in
its ground state. The nucleus is surrounded by the electron cloud. b The atom is excited to a Rydberg
state where one electron is only loosely bound and has a large mean distance to the nucleus and
the remaining part of the electron cloud, the electronic core. ¢ Utilizing an effective charge for the
partially screened nucleus, the system can approximately be treated as an hydrogen-like exited atom
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However, for the other states with lower angular momenta, the finite probability
density at smaller distances to the nucleus, particularly inside the electronic core,
has to be considered. Here, due to the reduced shielding of the nuclear charge, the
Rydberg electron experiences a more attractive potential, which shifts the energy of
the states. Equation (6.1) thus is often generalized to, see e.g. [9, Sect.6.6.4]

Ry

E, =E— ———,
n,l 1 (n . 6n,l)2

(6.2)

where the states are not degenerated in / any longer due to the quantum-defect 6, ;.
Surprisingly few spectroscopic measurements have been performed for the lowest
Rydberg states and only data for certain (small) values of / is available [20]. Nev-
ertheless, the available experimental values can be compared with the respective
calculation performed with Eq.(6.1), which is done in Fig.6.2a, b for a part of the
krypton and argon 2P A series, respectively. For both species, the increasing agree-
ment of the experimental data with increasing angular momentum is clearly visible.
Already for [ ~ 3, the deviations are far smaller than the distance to the neighboring
states. Furthermore, it is important that all states with higher values of / are expected
to have approximately the same energy.

The Rydberg series investigated is approaching the *P; , ionic state which is not
the ground state of the ion. In fact, the Rydberg states shown in Fig. 6.2 are valid for
an excited electronic core, a situation discussed in the following section.

(a) n=3 n=4 n=>5 6 7 89... 2Py,
| | | [ ]|l eq. (6.1)
| | 1 1=3 3
| i 1 =2 Zs
Ib o rnm =1 %73
I Lim 1=0 z

13.00 13.25 13.50 13.75 14.00 14.25 14.50 14.75 15.00

(b) n="7 n=8 n=9 10 11 1213 ... 2Py,
1 1 1 L S A B R R I eq. (6.1)

ERR
1 1 /}/4 =1
1 I e | 1=o
15.60 15.65 15.70 15.7 5.8 5.8 15.90 15.95 16.00
n 1 [ev}

Iy

o

w ot

| experimental
data

Fig. 6.2 Comparison of spectroscopic data from [20] with the Rydberg equation, Eq. (6.2), for a
part of the 2P h series of a krypton and b argon. Selected states are colored according to the main

quantum number n and connected by lines to guide the eye
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6.1.1 Doubly Excited States and Autoionization

The electronic core of a Rydberg atom comprises the electronic structure of a singly
charged ion, in the case of argon and krypton a complicated multielectron system.
Most importantly for this work, it contains—due to the spin-orbit interaction as seen
in the beginning of Sect. 5.1—the excited P , state beside the ’pP; , ground state.
Since the ionization potentials of the two states differ by the spin-orbit splitting
Aw, two different Rydberg series exist, depending on the state of the electronic
core, see e.g. [32]. Figure 6.3 displays the situation for krypton, argon and neon in a
simplified scheme using Eq. (6.1) and atomic data from [20]. The states approaching
the %P , continuum for n — oo are commonly known as autoionizing Rydberg
states (ARS), see e.g. [32]. Due to the simultaneous presence of two excitations,
namely the Rydberg excitation of the electron and the spin-orbit excitation of the
ionic core, these states are referred to as doubly excited states (DES) in the following.
Above a certain minimum value for n, which depends on the species considered,
the DES energetically exceed the lower lying 2P3 /s ionization limit, displayed in
red in Fig.6.3. In these states, the system already contains enough energy for an
ionization process and may in principle ionize without an external energy source.
In this process, the energy “stored” in the excitation of the electronic core is given
to the Rydberg electron, which escapes and leaves back the ion in its ground state.
Indeed, such processes, commonly known as autoionization, have been observed in
a manifold of experiments, see e.g. [32] and references therein. In the context of this
work, the autoionization process is important mainly due to its characteristic ability,
to “convert” a doubly excited neutral atom into two charged particles, namely an ion
and an electron, which can be detected with the REMI. As will be discussed in the
following, this provides insight in the population of DES in strong laser fields.

=
Z

Ar Ne

el
<

665.8 meV

177.5meV *P/. -y T 9676 rzneV
Pap [|In=12 == P,

2P3/2 n=9

Fig. 6.3 Doubly excited Rydberg states in the noble gases krypton, argon and neon. Above a
certain minimum value for the main quantum number 7, the Rydberg states approaching the P h

ionization limit, associated with an excited electronic core, exceed the first ionization potential
2p; /s - These states are shown in red together with the respective minimum value for the main

quantum number
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6.2 Population of DES at Different Wavelengths

The experiment is carried out as follows. Using a BBO and the OPA, see Sects.2.2.4
and 2.2.5, respectively, laser pulses of different wavelength are produced and guided
into the REMI, where they interact with an argon or krypton gas jet produced with a
backing pressure around 3 bar. Measurements at 790 and 395 nm are carried out with
the direct output of the laser system and with the second harmonic of this radiation
produced in a BBO crystal (see Sect. 2.2.4), respectively. For time-resolved measure-
ments, the 790 nm radiation is used together with the Mach—Zehnder interferometer,
see Sect.2.2.3.

The laser intensity is difficult to estimate. In Sect.5.2.1, it was derived from the
observed momentum spread of singly charged ions. The formula used, Eq. (3.6),
is valid only in the tunneling regime and therefore not applicable to the full range
of wavelengths used here. In order to give an estimation of the laser intensities,
the measurements taken at 1300 and 1600 nm are analyzed, yielding intensities of
about 3 to 6 x 10'* W/cm?. However, at other wavelengths the situation may be
different. Many parameters, from the reflectivity of the mirrors used to guide the
beam over the efficiency of the OPA and the duration of the pulses produced, to the
focal volume described by Egs.(2.20) and (2.19) depend on the wavelength. The
given range of the intensity has therefore be seen more as indication of the correct
order of magnitude. If an intensity of 6 x 10" W/cm? is assumed, the Keldysh
parameter, calculated with Eq. (3.1) and the ionization potentials in Table A.2, in the
measurements range from g, ~ 0.82 and v, ~ 0.87 (at 470nm) to about vk, ~
0.24 and ~ya; =~ 0.26 (at 1600 nm) for krypton and argon, respectively. For krypton,
an additional measurement was performed at a wavelength of 395 nm corresponding
to vkr ~ 0.98.

Figure 6.4a displays exemplarily the distribution of ion flight times recorded in
the measurement with argon carried out at 470 nm. The peak corresponding to Aris
clearly dominating such that the other peaks are visible only if a logarithmic scaling
is used for the y-axis. In total, more than 90 % of the detected ions have a flight
time associated with Ar™. As already done in Sect.5.2, an appropriate condition
on the flight time in combination with a subsequent consideration of the particles
momentum sum can be used in order to select the events for further processing. The
condition for the flight time is visualized in Fig. 6.4b.

However, in the situation where the signal is clearly dominating over background
and noise, this procedure will worsen the statistics rather than improving the results.
Since the efficiency of the ion detector is only about 50 %, see Sect.4.1.1, about
half of the “clean” events, in which only one atom is ionized and at least the
associated electron is successfully measured, will be sorted out. To avoid this, an
alternative procedure is applied: Only those events are rejected, in which a back-
ground ion is detected. If this is not the case, and the event thus comprises either
exclusively singly charged ions of the desired species or no ion at all, it is further
processed. Figure 6.4c, d show the electron momentum distributions obtained in true
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Fig. 6.4 Spectrum of ion flight times and different approaches for the data selection. a Typical ion
flight time spectrum obtained in the experiment, here for argon at a wavelength of 470nm. Single
ionization clearly dominates. b Selection of the ArTions with a suitable condition on the flight
times (light red area). ¢ and d Electron momentum distributions obtained with different conditions
applied in the data selection process, see text for details. The linear color scale used is displayed in
Fig.A.la

coincidence with Ar™, also considering the momentum sum, and the one obtained
with the alternative method, respectively.

Although the distributions look very similar, the statistics is clearly better in (d).
Most important, all structures visible in (d) are also visible in (c) and thus can be
clearly assigned to arise from single ionization of argon. Therefore, in the follow-
ing, all distributions shown are acquired as done in the case of Fig.6.4d. However,
although not shown, all structures discussed are proven to be present likewise in the
distributions obtained with the stricter conditions for the selection of the data, thus
they can safely be assigned to single ionization of the respective species.

Figure 6.5 shows the electron momentum distributions obtained for krypton in
increasing order with respect to the wavelength. The wavelength actually produced
from the OPA system may slightly differ from the values given here, which resemble
the selected wavelength using the OPA control software. Measurements performed
with an optical spectrometer during the experiments presented in Chap.7 prove the
mean deviation to be less than 5nm, see Fig.7.3 and Table7.1.

Atfirst glance, without considering any details in the pictures, a qualitative change
is visible along increasing wavelength: While the measurements on the lower end,
e.g. with 395 and 470nm, produce distributions with a manifold of narrow and
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Fig. 6.5 Electron momentum distributions obtained with Kr at different wavelengths: a 395 nm,
b 470nm, ¢ 530nm, d 790nm, e 1300nm, f 1600 nm. The linear color scale used is displayed in
Fig.A.la

separated structures, Fig. 6.5a, b, the ones obtained at 1300 and 1600 nm comprise
only one single, broad and almost homogeneously filled peak. This can be interpreted
as a transition from the multiphoton to the tunneling regime, driven by the change
in the wavelength of the ionizing laser, see Sect.3.1. Due to a very high ionization
rate in the measurement at 1600nm, Fig.6.5f shows a clear asymmetry, namely
significantly more electrons detected for positive p;. The ionization of two ions in
the same laser pulse and hence the production of two electrons suppresses events
with negative p; associated to long flight times since only the electron which is
detected first is considered. In addition, an artifact is visible, presenting itself as
vertical structure at p; ~ 0.1 a.u. This is, though less pronounced, also the case in
some of the other measurements. The origin of the structure can not be clarified
unambiguously, however it is likely caused by reflexions in the signal wires.

The electron energy spectra, which can be calculated from the momentum dis-
tributions, are shown in Fig.6.6. Also here, the qualitative change between ion-
ization at short and long wavelengths is clearly visible. At the energies related to
the artifact mentioned above and the vertical structure arising at p; &~ —0.3 a.u.,
explained in Sect. 4.3, no indication of any influence is visible in any spectrum. The
distribution obtained with 395 nm differs clearly from the others. The spectrum con-
tains exclusively a sequence of distinct peaks, grouped in pairs and approximately
equally spaced. Similar observation has been reported recently in [14] for the mul-
tiphoton ionization of xenon with 388 nm at moderate intensities. Following the
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Fig. 6.6 Photoelectron energy spectra observed for krypton at different wavelengths. The curves
are normalized with respect to the their total area. The curve for 395 nm is additionally divided by
a factor of 2 for better visibility

argumentation in this reference, the two peaks of lowest energy observed here can
be assigned to resonant (4 4 1) photon processes into the >P3 /) and 2P A ionization
limit.

The sharp characteristics of the peaks suggest a resonant process in the krypton
atom whose electronic structure can be found e.g. in [20]. In contrast, non-resonant
processes are related to broad distributions, strongly aligned with the laser polariza-
tion, see e.g. [14]. The ponderomotive shift of the ionization potentials and excited
states as discussed in Sects. 3.1 and 3.4, respectively, is expected to be relatively small
due to the short wavelength and can be neglected for the moment. The first excited
state of krypton is found almost 10eV above the ground state such that any transition
driven by three or less 395 nm photons (containing an energy of about 3.1eV each)
can be excluded. On the other hand, the energy of five photons (in total about 15.7eV)

3
already exceeds both ionization potentials E; ) and E, / associated with a >P3 /)

and %P , state of the electronic core, respectively. A four photon transition starting
from the p-like ground state is in electric dipole approximation only possible into
p (AL =0), f (AL =2)and h (AL = 4) states, see e.g. [9, Sect. 7.2.4]. Indeed, the
(21) 1 )5 p states are located at about 12.2 eV, just below the four-photon resonance
at about 12.6eV. Due to the fairly large spectral width of the laser and the pondero-
motive shift of the level in the laser pulse, see Sect. 3.4, the state may be populated.
By absorbing a fifth photon, the system can subsequently be ionized to the P53 /, OF

2p, J, continuum.
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The kinetic energy of the electron depends on the final state of the parent ion
and is—if ponderomotive shifts are neglected—given by the difference of the total
energy carried by five photons and the respective ionization potential. Since the latter
is different for the two continua and differs by the spin-orbit splitting of the system,
see Table A.2, this splitting is expected to be reflected in the energy spectrum as
observed in [14]. This information can be used in the final step of the procedure
described in Sect.4.2.3 to calibrate the momentum spectrum as it is done for the
respective distributions shown in Figs. 6.5a and 6.6. However, not only the distance
between the two smallest rings observed in Fig. 6.5a, but also the energetically very
similar spacings between the rings in the other pairs (the third and fourth ring etc.) are
utilized in this respect. These pairs are attributed to ATT of different order, involving
the absorption of one or more additional photons, see Eq. (3.10).

After the calibration, which consist of a linear scaling in momentum space accord-
ing to p’ = bp with b ~ 1, both the distances between neighboring rings as well
as the large splitting associated with ATT are almost constant over the full energy
range shown in Fig. 6.6. However, the photon energy of 395 nm assumed does not
fit to the distances observed between the pairs of peaks. From the value obtained,
the wavelength of the ionizing radiation can be calculated to 373(17) nm. The error
on this value is calculated from the mean deviation of the eight and four values
extractable from the structures shown in Fig. 6.5 for the photon energy and the spin-
orbit splitting, respectively. For example a small misalignment of the BBO crystal
may explain this results since it leads to phase matching for frequencies close to the
central wavelength of the spectrally broad output of the Ti:sapphire laser.

If comparing the angular distribution of the electrons forming two adjacent rings,
clear deviations can be obtained despite identical initial states and the same num-
ber of photons absorbed. The reason for this is not yet clear. However, the angular
distributions obtained in strong-field experiments are known to depend also on pon-
deromotive effects [11].

Apart from the measurement at 395 nm, ATI structures appear in all other distri-
butions shown in Fig.6.5. Even at 1600 nm they are clearly visible in direction of
transverse momenta, where other processes are not strongly dominating. However,
with increasing wavelength, the structures become less and less pronounced and
the distance between neighboring rings decreases—as expected—with the photon
energy, see Fig. 6.6.

If the angular distribution of the observed structures is to be investigated, a “cut”
through the three-dimensional distribution has to be considered. As discussed in
Sect.4.2.2, the respective solid-angle corrected distribution W(p ) has to be consid-
ered rather than W(py), shown in Fig. 6.5. This distribution is displayed in Fig.6.7.
Due to additional angular momentum transferred to the system with every photon
absorbed, the angular distribution of the photoelectrons changes with every addi-
tional photon from one pair of rings to the next. For example, the rings in the first
pair in (b) comprise four maxima each while the ones in the second pair contain
six.! The number of rings observed support the assumption of an initial population

I'This statement refers to the complete rings, considering also the identical second half with p; < 0.


http://dx.doi.org/10.1007/978-3-319-32046-5_4
http://dx.doi.org/10.1007/978-3-319-32046-5_3
http://dx.doi.org/10.1007/978-3-319-32046-5_4

106 6 Population of Doubly Excited States in Strong Laser Pulses

T T T L L T T T — T T T T T T

1.0F q

pi [au]

0.4F

0.2

0.0

)

| 1 " " 1 " e
10 08 06 04 -02 00
p [au]

Fig. 6.7 Solid-angle corrected electron momentum distribution obtained with krypton at a wave-
length of 395 nm. The linear color scale used is displayed in Fig. A.1la

of the (2P 1, )5 p states. The absorption an additional photon and the thereby caused

change in angular momentum gives access to both s and d-like continuum states.
Due to the selection rules in linearly polarized light, see e.g. [9, Sect.7.2], only the
m = 0, &1 states are accessible. The angular distribution is then given by a coherent
sum of the associated spherical harmonics which can be found e.g. in [6, Fig.40.1].
The additional quanta of angular momentum transferred with even more photons
give access to more continuum states with higher angular momenta and thus explain
the increasing number of peaks obtained along the increasing orders of ATI.

The distributions obtained with “intermediate” wavelengths comprise other struc-
tures. In the following, the distribution obtained with 790 nm, Fig. 6.5d, is discussed
exemplarily. As already mentioned above, ATI structures are visible also in this
case. Their appearance may also be understood in a field picture as arising from
trajectory interferences within the laser pulse as shown in Fig.3.4. However, if all
interferences are considered, the structures are expected to be more complex, cf.
Fig.3.4. Indeed, in radial direction, “fan”-like structures can be observed, pointing
at zero momentum, see also Fig.6.8. These structures have been observed before,
see e.g. [22, 23]. However, if comparing the obtained distribution to the simulation
shown in Fig.3.4a or c, qualitative deviations are obviously existing. In the simu-
lation, the structures do not point at the origin and the characteristic “fan”-shape
is not reproduced at all. More sophisticated calculations, e.g. [8] or the CVA and
TDSE calculations carried out in [2], show that the long-range Coulomb interaction
with the parent ion—neglected in the simple model producing Fig. 3.4—gives rise to
these structures. Close to 0.3 a.u., very sharp resonances appear comprising several
maxima along 6, the angle between the directions of p; and py, see Fig.4.5.

If a measurement is performed at the same wavelength but with a different inten-
sity, the change in the ponderomotive energy is expected to cause a certain shift in
the kinetic energies of the electrons, see Sect.3.3.1. In Fig. 6.9 two electron energy
spectra obtained for krypton at a wavelength of 790 nm with different intensities are
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Fig. 6.8 Magnification of the regions of small momenta in the electron momentum distributions
obtained with Kr at different wavelengths, shown in Fig.6.5: a 395nm, b 470nm, ¢ 530nm,
d 790nm, e 1300 nm, £ 1600 nm. The linear color scale used is displayed in Fig. A.la
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Fig.6.9 Photoelectron energy spectra for krypton obtained at 790 nm with different laser intensities.
Arrows mark the peaks used for calibration whose positions are—as explained later—independent
of the intensity. The structures visible in the measurement with higher intensity are clearly shifted
towards lower kinetic energies by about 50 meV, see text for details

compared. The spectra are calibrated using the sharp peaks at very low energies,
whose positions are—as explained later—known on an absolute scale and indepen-
dent of the intensity and wavelength. Indeed, a shift of the structures—attributed to
Freeman resonances—observed in the measurement with higher intensity by about
50meV towards lower kinetic energies can clearly be determined.
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Fig.6.10 Electron momentum distributions obtained with argon at different wavelengths: a 470 nm,
b 488nm, ¢ 514nm, d 530nm, e 1300nm, f 1600 nm. The linear color scale used is displayed in
Fig.A.la

The distribution observed for 1600 nm, shown in Fig. 6.5f, is in very good agree-
ment to the expectations from Eq. (3.6), namely comprising only one single, broad
and almost homogeneously filled peak.? Figure 6.10 displays a very similar set of
measurements, now with argon as target. The same general trends and structures can
be observed as in the measurements with krypton. However, details as e.g. the exact
shape of the interference structures differ due to their dependence on the ionization
potential and the inner structure of the species.

In the following, a closer look is taken on the small momentum region of the
distributions, shown in Figs. 6.8 and 6.11 for krypton and argon, respectively. Apart
from the fan-like structures already discussed above, sharp rings are visible in some
of the spectra, representing electrons with very low but well defined kinetic energies.
In the case of krypton, these rings are most prominent in the distribution obtained with
470nm, Fig. 6.8b, were the intensity in the fan-like structures is concentrated along
p1- With the bare eye, at least four almost homogeneous rings can be distinguished
followed by a faint “plateau” at even higher momenta, around 0.2 a.u. This holds also
for the measurements obtained with 530 and 790nm, (c) and (d), where the same
sequence of rings is visible. It has to be mentioned that the positions of the rings were
in fact used for the absolute calibration of the spectrometer which will be discussed

2This statement refers to the solid-angle corrected distribution W(p ).
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Fig. 6.11 Magnification of the regions of small momenta in the electron momentum distributions
obtained with argon at different wavelengths, shown in Fig.6.10: a 470nm, b 488 nm, ¢ 514 nm,
d 530nm, e 1300nm, f 1600 nm. The linear color scale used is displayed in Fig. A.1a

later. In case of argon, rings are visible at smaller momenta in all measurements
between 470 and 1300nm, Fig.6.11a—e.

Obviously, the observed momentum distributions resemble the inner structure of
the species ionized. Moreover, the electron energies are extraordinary small which is
not easily seen in the momentum domain. In fact, the rings observed for krypton and
argon correspond to electron energies of less than 500 and 100 meV, respectively.
The smallest ring observed, the most inner one for argon, has an energy of only
about 10 meV and is separated to the next by approximately 30 meV. In general, the
energetic difference between neighboring peaks decreases towards higher energies.

A sequence of states with relatively small and decreasing differences in energy
can be found in the Rydberg series, see Sect. 6.1. If several states can be populated
and subsequently ionized, the energy differences can be expected to be found in
the photoelectron distributions. However, in this case, the energetic position of the
structures observed depends directly on the laser wavelength. Moreover, due to the
small binding energy of the higher Rydberg states, the absorption of an additional
photon (with an energy of up to about 2.6eV in the case of 470nm radiation) is
expected to lead to much higher absolute kinetic energies E.. The low energetic
electrons observed thus can not be produced through the photoionization channel,
schematically shown in Fig.6.12 for krypton (“PI").

However, as discussed in Sect. 6.1, certain DES of the Rydberg series approaching
the P53 / ionization limit, have the ability to autoionize which represents an alterna-
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Fig. 6.12 Possible ionization channels for Rydberg states in krypton. The scheme can be easily
adapted to other noble gas species, cf. Fig. 6.3. Both Rydberg series may be ionized by absorption
of a photon in the photoionization channel (PT), shown exemplarily for the n = 6 level of the 2P )

series. In addition, the 2P h states with n > 5 may autoionize (AI)

tive ionization channel, “AI” in Fig. 6.12. The energy of the electrons E4; produced
through this channel is smaller than the spin-orbit splitting of the respective species,
and thus in the correct range, see Fig. 6.3.

Figure 6.12 simplifies the situation in the real atom by neglecting the angular
quantum number / such that the energy levels are given by Eq.(6.1). Excitation to
one of the states and subsequent ionization by the laser thus leads to a final electron

energy of

R
E,’; =E, 4+ wy (6i2) E; — —3) =+ wo, (6.3)
n

depending on both the initial state and the photon energy, but not on the state of the
electronic core. The process is shown exemplarily for the n = 6 state of the 2P A

series in Fig. 6.12 but is likewise possible from the respective *P3 /, state. In case of
the ionization from the P A series, the created ion is left behind in the excited state.

In contrast, autoionization is only possible for states belonging to the *P A series
energetically exceeding the >P3 /s ionization potential. For krypton, in the simpli-

fied picture? this is true for all states with n > 5. The final electron energy of the
autoionization channel is then given by

h6d p3h Ry plh

Ejn = En — E; i PP
R
= Aw— 2, (6.4)
n2

3However, e.g. the actual 5p h state is located below this threshold and may not autoionize as
discussed earlier.
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Fig. 6.13 Electron energy spectra in the very low energy region for selected measurements with
krypton (a) and argon (b) with different wavelengths. The data is shown as filled areas, the solid
lines represent fits to the data, see text for details. Additionally, theoretical electron energies for the
autoionization channel E’;; are displayed as calculated with Eq. (6.4)

and—in contrast to the photoionization channel—depends only on the initial state
and the spin-orbit splitting Aw of the species but not on the laser wavelength.

In Fig.6.13, the lower region of electron energy spectra for krypton and argon
is displayed in comparison with the kinetic energies E';; calculated with Eq.(6.4).
The solid lines represent fits to the data consisting of a broad Gaussian distribution
absorbing the background and up to four pseudo-Voigt peaks [36] for the single
sharp peaks. After a linear scaling of the individual momentum spectra according
to p’ = bp with b ~ 1 as the last step of the calibration procedure described in
Sect.4.2.3, excellent agreement between the observed and the calculated energies is
achieved. It is important to note that the overall agreement between the measured
and calculated positions was used for the absolute calibration of the system and
thus optimized. However, only one free scaling parameter is necessary to obtain
excellent agreement for the full sequence of peaks. Moreover, the plateau-region,
best visible in Fig.6.13a for 470 and 790nm, can be understood as the result of
autoionization of the higher Rydberg states whose separation is not large enough
to resolve individual peaks. Consequently, close to the upper ionization threshold
Eil/ 2 the plateau-region ends and a drop in the signal can be observed. However, it
has to be kept in mind that the manifold of interference structures visible in Fig. 6.5
provide a certain background.
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As discussed already in Sect. 3.4.3, the population of Rydberg states in the multi-
photon regime, is known for quite a while and also the population of DES has been
reported, e.g. in [7, 14]. Recently, the excitation of Rydberg states has been observed
also in experiments approaching the tunneling regime and was embedded into the
common three-step model within the FTT picture, see Sect. 3.4.3. However, up to our
best knowledge, no indication of the population of DES by FTI has been reported
yet. The observation of the peaks associated to autoionization up to wavelengths of
1300nm in Fig. 6.13 shows that DES indeed are populated in this regime.

Within the FTI mechanism, two scenarios are possible resulting in a population
of DES, schematically depicted in Fig. 6.14. In the first scenario, (a), the electronic
core is excited during the tunneling process at the very beginning of the sequence
of the three steps associated with FTI. The electron is subsequently driven by the
laser and—if the ionization took place at an appropriate phase of the laser field, see
Sect.3.3.1—recollides with very low energy, thus being recaptured. The tunneling
excitation of a noble gas atom is indeed possible: For example, the creation of the
spin-orbit wave packet in Chap. 5 relies on this process. In fact, it involves exactly the
same states relevant here, namely 2p, A and 2P; A of the noble gas ions. It has been
shown that even molecules can be found in excited states after tunnel ionization [24,
30, 34].

In the second possible scenario, depicted in Fig. 6.14b, the tunneling process takes
place without the excitation of the parent ion. In contrast to the usual FTT process,
the electron may gain a certain amount of kinetic energy E, which is—added to the

i
binding energy E; ko E, of the Rydberg states it is captured into—just enough to
drive the excitation of the electronic core to the 2Py, state. Such resonant recapture
processes, commonly known as dielectronic recomgmation (DR), have been heavily

tunnel excitation

(a)

-

............................... e

dielectronic recombination

=\

Fig. 6.14 Possible scenarios for population of DES by FTI. The electronic core may be excited
either during the tunneling (a), or by dielectronic recombination in the recollision process (b), see
text for details

i

doubly excited state
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investigated for decades in single-pass measurements, see e.g. [4, 16, 25], electron
beam ion traps (EBITs), see e.g. [1, 3, 12], as well as in ion storage ring experiments,
see e.g. [10, 19, 21, 27, 28].

However, to the best of our knowledge, the process has never been studied in any
experiment neither for Kr* nor for Ar™. EBITs are typically utilized for experiments
with much higher electron energies while for storage rings the lifetimes of the singly
charged species are far to short for a sufficient cooling of the ions [15]. Therefore,
the double excitation of the noble gas atoms observed within this work could—if the
second population scenario applies—represent the first realization of DR with singly
charged argon and krypton ions. Of course it is possible that both pathways have to
be considered in order to fully describe the population dynamics, either because both
channels are simultaneously active or since already the strict differentiation of the
two scenarios might represent a too excessive demand to the semi-classical model.
Naturally, it would be interesting to clarify this in a suitable experiment. Though,
the experimental discrimination between the two scenarios is difficult, since the
subsequent autoionization process is independent of the excitation mechanism. The
possible existence of two indistinguishable paths, leading from the same initial to the
same final state, suggests the search for quantum interferences, which could arise in
this scenario.

In the following, the results shown in Fig.6.13 are further analyzed. The pho-
toelectron energies calculated with Eq.(6.4) are in very good agreement with the
observation. In particular, every peak observed can clearly be assigned to one of
the calculated values although the angular momentum / is completely neglected. If
the situation is compared to the manifold of Rydberg states actually present in the
atoms, cf. Fig. 6.2, this is remarkable. As visible in this figure, the states with higher
values for [ are in very good agreement with the simple Rydberg equation, Eq. (6.1).
It can be concluded that exclusively Rydberg states with higher angular momentum
are observed whereas no clear indication is found for the other states. This could
be explained by a selectivity in the population process, favoring the population of
states with high angular momenta. By comparison to appropriate calculations, this
information could in principle be used to argue for one or the other of the processes.
For example, it has been shown theoretically that the FTT process for certain laser
parameters favors the population of states with / < 8 in helium [26]. Unfortunately,
the absence of certain peaks in Fig. 6.13 may also be caused by other factors:

1. In contrast to the almost degenerated states with higher angular momenta, the
states with lower values for / are spread over a large energy range, cf. Fig.6.2.
While for example the *P; /, states in krypton withn = 6 and [ = 3,4,5 all
produce electrons of practically the same energy, autoionization of the state with
Il = 2 leads to a significantly different energy. Therefore, it appears at least
reasonable that states with higher angular momenta may be easier to observe.
The other states may contribute to the background rather than produce distinct
peaks.
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2. In order to autoionize, a state must not have decayed through a different chan-
nel, e.g. by radiative decay or ionization of the Rydberg electron by the laser
field. The first mechanism is known to be highly selective regarding to the dif-
ferences in angular momentum of the states involved, see e.g. [9, Sect.7.2]. For
high lying Rydberg states (with [ < n) it scales with n*/> [13]. However, the
detailed dependence of the radiative lifetime on the angular momentum of a spe-
cific state is complex, the time often much longer than the typical time needed
for autoionization [32]. Though, as shown in [18] for barium, the autoionization
lifetime may be of the same order or even exceed the radiative one for certain
states: a very steep rise of the autoionization lifetime with / was obtained.

In the second case, for photoionization in strong fields, it is the efficiency of the
stabilization mechanisms in strong laser fields, discussed in Sect.3.4.3, which
can be expected to introduce such a dependence on /. For example, in [5, 29] it
is argued that states with higher angular momenta are stabilized more efficiently.

3. If the autoionization lifetimes are extremely short for the states with low / and
hence the energetic width of the associated peaks very large, they might be
absorbed in the background rather than being distinguishable.

6.2.1 Angular Distributions

In [14], a strong suppression of the rings associated with autoionization was observed
in direction of p;, which was explained by the domination of the non-resonant ion-
ization of the system along the laser polarization. A precise investigation of the
angular distributions of the electrons is difficult since the rings are superimposed
with the fan-like structures. Figure 6.15 shows the central region of the photoelec-

p1 [au]

0.2 01 00 0.2
p Jaau]

Fig. 6.15 Solid-angle corrected electron momentum distribution obtained in the region of small
momenta with krypton at a wavelength of 470 nm. The color scale used is a logarithmic version of
the one displayed in Fig. A.la
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tron momentum distribution obtained for krypton at a wavelength of 470 nm after
solid-angle correction. Autoionization can clearly be observed for small angles of
0, close to the direction of p;, however the signal is much better distinguishable in
perpendicular direction due to the lower level of background.

6.3 Considerations About Lifetimes and Pump-Probe
Measurements

Before the results of a pump-probe measurement are presented, some information
about the dynamics of the autoionization process will be derived from the electron
momentum distributions and the electron energy spectra presented in the last section.

The observation of distinct rings in the momentum spectra itself gives a first
indication about the lifetime of the autoionizing states involved. As discussed in
Sect.4.2.3, the momentum reconstruction process for both p; and p, makes use of
the flight time 7, measured for each individual particle. The time measurement is
triggered by the laser pulse via a photodiode and within the calibration procedure,
see Sect.4.2.3, it is ensured that ¢ = 0 is exactly assigned to the point in time when
the laser ionizes particles from the gas jet. However, if a small fraction of ionization
processes actually takes place after this interaction, the flight times will slightly differ
from the actual values.

One may now ask the question, how large the delay in ionization has to be in order
to significantly alter the reconstructed values for the momentum components. If, for
example, electrons with a longitudinal momentum of p; ~ £0.1 a.u. and vanishing
transverse momentum are considered, as they appear on the smallest of the rings
visible in Fig. 6.7, the associated difference in flight times of these particles in com-
parison to an electron with vanishing initial momentum is about 6 ns. The influence
of the delayed ionization can be expected to become significant, if it gets comparable
with this time. In order to extend this considerations on the full momentum space,
including also the reconstructed values of py;, an appropriate simulation is performed.
The starting point is the generation of a set of particles with a momentum distribution
approximately corresponding to the ring structures observed in the experiment, see
Fig.6.16a. The radial profile of each ring is chosen Gaussian with parameters for
position and width similar to those obtained experimentally. The number of events
in the rings scales with their radius in order to achieve identical particle densities. In
total, more than 6 x 108 particles are simulated for each figure.

Equations (4.2) and (4.7) can be employed together with the spectrometer para-
meters found in the calibration process for the krypton measurement at 470 nm to
calculate a flight time and a radius on the detector for each of the events. If the recon-
struction procedures, as described in Sect.4.2.1, are directly applied afterwards, the
initial distribution from Fig. 6.16a—quite trivially—results. However, the flight times
may be manipulated before. In particular, the time delay between the interaction with
the laser and the actual autoionization can be added.
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Fig. 6.16 Simulation of reconstructed momentum distributions for electrons freed by autoioniza-
tion after the laser pulse. Starting from the actual distribution shown in (a), the results for exponential
decay of the autoionizing states o exp (//r) is shown for b 7 = 0.5ns, ¢ 1 ns, d 2ns, e 5ns and
f 10 ns. The linear color scale used is displayed in Fig. A.la

Assuming an exponential decay of the autoionizing states o exp (?/-), the results
shown in Fig. 6.16b—f are obtained for increasing values of 7. Already in (b), for
7 = 0.5ns, a significant modification is visible: The electrons are shifted towards
negative momenta associated with longer flight times. Since they approach—for the
parameters used—at the same time an integer multiple of the cyclotron period, the
reconstructed value for py also increases, cf. Fig.4.12. With increasing values for 7
along Fig. 6.16c—f the effect becomes more and more pronounced. In particular the
isotropy of the rings is disturbed and many events are concentrated on a position close
to zero longitudinal momentum. For larger 7, additionally bend “stripes”, pointing
towards the top left corner of the pictures can be observed. Since no indication of
any “stripes” or at least a concentration of the signal on a certain point on the rings
is observed in the experiment, it can directly be concluded that the time delay in
ionization and thus the typical lifetime of the states is less then about 1 ns.

As described in the beginning of Sect. 6.2, no condition on the sum momentum
of electrons and associated ions is utilized for event selection. Nevertheless, one
can ask the general question whether such a condition could remove the events
with a large ionization delay such that—due to selection of the almost instantaneous
ionizing events—the rings observed appear sharp independent of the delay. Despite
their much larger flight times, the reconstructed ion momenta are altered as well. In
fact, for very small momenta, where Eq.(4.5) is a good approximation for ions and
electrons, 2/, is independent of the particles’ mass and thus equal for ions and
electrons, such as the caused momentum shift. However—due to convention for the
sign of the momenta discussed in Sect.4.2.1—the sum of the momenta is constant.
Therefore, a condition on the momentum sum of the particles is in general not suitable
to remove those delayed ionization events from the distributions obtained.
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The classical “spectroscopic’ access to lifetimes is the measurement of the natural
line width Aw, the energetic width of the peaks. This can be directly related to the
respective lifetime 7 , see e.g. [9, Sect.7.4.1],

T = I/Aw- (65)

Since the rings represent the sharpest structures observed in the very low energy
region, it can not be excluded that the width of the rings is partly or even mainly
caused by the finite resolution of the REMI. However, the obtained width can be used
as an upper limit hence a lower limit for the lifetime can be extracted. The results
obtained with 470 nm are analyzed in this regard exemplarily. From the fits to the
results shown in Fig. 6.13, the lower limits can be estimated to approximately 40, 20,
20 and 25fs and to 50 and 45 fs for the four peaks in krypton and the two in argon
(in increasing order of energy), respectively.

A more direct access to the dynamics of the autoionizing states is offered by
time-resolved measurements, utilizing the pump-probe setup described in Sect.2.2.3
together with the direct 790 nm output of the laser system. The first pulse is used to
populate the DES in krypton atoms. Subsequently, the atom may autoionize or get
ionized through the competing photoionization channel, see Fig. 6.12. The utilization
of a second laser pulse offers the possibility to enhance the photoionization channel
and at the same time frustrate autoionization. Of course, the probe pulse may only
ionize the system, if the autoionization did not already take place. Therefore, if the
time delay between the two pulses is varied on a timescale comparable to the autoion-
ization lifetime of the states, the ratio between atoms that undergo photoionization
and autoionization is expected to change.

The intensity of the probe pulse ideally is limited to a level which does not allow
ionization or excitation of the system without a preceding pump pulse. For this
reason—and in contrast to the measurements presented in Chap.5—the intensity
sharing between the pulses is chosen asymmetric by utilization of an appropriate
beam splitter: 90 % is used to create the pump and only 10 % for the probe pulse.
In this configuration, the REMI can not detect any ionization if the pump pulse is
blocked. A weak probe pulse is also beneficial when considering the stabilization of
Rydberg states in strong laser pulses discussed in Sect. 3.4.3.

Calibration of the time delay is performed by recording and analyzing the auto-
correlation trace in the Kr' yield around the temporal overlap of the two pulses. The
observed trace can be approximated very well by a product of a Gaussian envelope
and a sinusoidal oscillation. Two parameters determined from an according fit to the
data, namely the maximum of the envelope and the oscillation period of the sinu-
soidal, can be utilized in this respect: The first indicates the mirror-position for a
vanishing time delay while the second gives—together with the known wavelength
of 790 nm—the scaling of the time delay.

For reasons of statistics, distinct time delays are chosen rather than the time delay
is continuously scanned. A reference measurement is performed at a negative time
delay of + &~ —82fs, where the weak probe pulse arrives first at the gas jet. In this
configuration, its interaction with the atoms is assumed to be irrelevant for the state
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Fig. 6.17 Depletion of the autoionizing Rydberg states in krypton by a second laser pulse. The
(identical) black solid line displays the reference electron energy spectrum observed for negative
time-delay, the color code visualizes the relative change observed for different time delays, see text
for details

of the atom. Thus, a momentum spectrum is obtained as it would be created from the
pump pulse alone. From this distribution, the reference electron energy spectrum E.¢
can be calculated, shown (multiple times) as black line in Fig.6.17. Energy spectra
obtained at positive time delays, E(t), where the pump pulse arrives first at the target,
can be related to this reference in order to emphasize the effects caused by the probe
pulse. To be more specific, the relative difference of the normalized electron energy
spectra,

_ E(t ) — Eret

D(t) Eref

) (6.6)

is calculated.

The results for different time delays is visualized in Fig.6.17 as colored bars:
Red color shades indicate a suppression of the signal caused by the probe pulse
with respect to the reference spectrum while green shades indicate the opposite,
namely a respective enhancement. In addition, the picture displays the energies for
the autoionization and photoionization channels, E; and E7 as calculated with
Egs. (6.4) and (6.3), respectively. Over all tested time delays, from about 110fs up to
almost 3 ps, a suppression of the peaks assigned to autoionization can be observed.
At the same time, the photoionization channel is enhanced.
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Moreover, a decrease of the contrast can clearly be distinguished with increasing
time delay. Nevertheless, the probe pulse has a significant effect also with the maxi-
mum time delay of 3 ps. This holds specifically for the lowest autoionizing state with
n = 5, which appears similarly red-shaded for all time delays. In contrast to this, the
higher states, in particular the ones with n > 8 seem to autoionize faster. It can be
concluded that the typical lifetime for the autoionizing states lies in the order of the
time delays tested and thus in the order of picoseconds. Further, although the DES
obviously survive during the remaining part of the strong pump pulse, manipulation
with a second, almost one order of magnitude weaker probe pulse is possible.

6.4 Other Targets: Neon and Molecular Nitrogen

Apart from measurements with krypton and argon, also neon and molecular nitrogen
have been exposed to radiation created with the OPA during the measurement cam-
paign. The momentum distributions obtained will be briefly shown and discussed
here for completeness, in particular with regard to provide evidence of DES.

The situation in neon is quite similar to those in the other noble gases. As visible
from Fig. 6.3, autoionizing states likewise exist, however the minimum main quantum
number in this case is n = 12 and the associated electron energies are very limited
due to the small spin-orbit splitting. In contrast, the absolute ionization potentials are
larger than the ones in argon, see Table A.2. Therefore, in general, fairly high laser
intensities are necessary in such measurements and statistics still may be an issue. In
Fig. 6.18a the momentum distribution obtained for neon at a wavelength of 470 nm is
displayed. The large saturated region appearing for negative pj is caused by electrons
emerging most likely from the spectrometer plates as a consequence of stray light.
The reason for this is the high laser intensity and the associated large beam diameter
used in particular for this experiment. No distinct rings are visible in the small
momentum region, however, a central diffuse spot appears at very small momenta,
see magnification in (b). The lowest kinetic energies arising from autoionization of
neon can be calculated with Eq. 6.4 to about 2.3, 16.3 and 27.3 meV. If these values
are compared to the results for argon in Fig. 6.11, where the first peak is centered at
about 10meV, it seems very reasonable that the neon series can not be resolved.

Finally, Fig. 6.18c—f show the result of a similar experiment with a molecular N,
target with 470 and 530 nm, respectively. Interestingly, one clear and several very
faint and sharp rings are visible in the momentum range between 0.1 and 0.2 a.u.,
marked with arrows in (d) and (f). The smallest appears for both wavelengths with
approximately the same radius although no absolute or relative calibration of the
pictured is performed. The origin of these structures is not investigated in this work,
however they could originate from autoionizing states, which also exist for molecules,
see e.g. [31, 33]. More measurements at longer wavelengths have to be carried out in
order to relate their population to the FTT mechanism. Interestingly, FTT has recently
been observed in more complex systems than atoms, namely in noble gas dimers [35].
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Fig. 6.18 Electron momentum distributions and magnifications of the regions of small momenta
obtained with Ne and N, at different wavelengths: a and b Ne at 470nm, ¢ and d N, at 470nm,
e and f N, at 530nm. The linear color scale used is displayed in Fig. A.la

In conclusion, highly resolved electron momentum distributions were presented,
obtained with krypton and argon at different wavelengths. The fundamental change
of the distributions along increasing wavelengths, from the multiphoton to the tunnel-
ing regime, was observed and discussed. Unique fingerprints of autoionizing doubly
excited states were identified. The population of these states in the laser field was
proven up to 1300nm in argon and related to the recently explored mechanism of
frustrated tunneling ionization [26]. A possible connection to the well-known dielec-
tronic recombination processes, see e.g. [19, 27], was discussed. Photoionization of
the DES with a second laser pulse in a pump-probe experiment revealed lifetimes in
the order of picoseconds.
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Chapter 7
Channel-Selective Electron Spectra for H; at
Different Wavelengths

In the previous chapter, an OPA was utilized to expose noble gas atoms to strong fields
of different wavelengths. A change of the photoelectron momentum distributions
could be observed while approaching the tunneling regime. In the following chapter,
this investigation is extended to a more complex system, namely molecular hydrogen.
As already discussed in Sect. 3.5, the exposure of H; to strong laser fields results in
pure ionization to H}, as well as in single or double ionization and subsequent
dissociation or Coulomb explosion of the molecule, respectively. By utilizing the
ability of the REMI to record all products of a reaction in coincidence and to provide
kinematically complete data, the different channels can be separated. Highly resolved
electron momentum distributions are recorded for each of the channels at different
wavelengths and compared to each other.

The chapter starts with the description of the ion—ion coincidence mapping tech-
nique utilized for the separation of the different reaction channels in Sect.7.1. The
experimental setup and the determination of the central wavelength delivered by the
OPA are the subjects of Sect.7.2. After this, the experimental results are presented.
In Sect.7.3, ion momentum distributions obtained are discussed and compared to
results of a numerical solution of the TDSE. The electron momentum distributions
measured for the different channels and wavelengths are shown and compared to
each other in Sect.7.4.

7.1 Separation of the Different Reaction Channels

Although molecular hydrogen contains only four particles—two nuclei and two
electrons—it represents a fairly complicated target for experimental investigation. In
contrast to the atomic targets investigated in Chaps. 5 and 6, the number of electrons
removed from the neutral system is not encoded in the charge of the ions finally
detected. In fact, H" ions may be produced from single as well as from double
ionization of the system. In addition, single ionization may also create a stable HJ
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molecular ion. Those different processes, namely dissociation, Coulomb explosion
(CE) and ionization were already introduced in Sect.3.5.1:

H, — H+H' + e~ (dissociation)
H, — 2H" 4+2e¢~  (Coulomb explosion)

H, — Hf +e (ionization)

The key to distinguish in particular between the dissociation and the CE channel
lies—as will be shown in the following—in the coincident detection of the emerging
ions. With its ability to detect additionally the freed electrons, the REMI represents
an ideal tool for the investigation of hydrogen exposed to strong laser fields.

Figure 7.1a displays a typical spectrum of ion flight times obtained in the exper-
iment. The black line, representing all ions detected, comprises five main peaks
in total, from which two can be related to dissociation and two to CE, see Sect.3.5.1.
The peak on the very right is formed by the molecular H ions. In Fig.7.1b, the

(a) 107 ] T T T T T
106 F
E H* H;

Coulomb explosion
Coulomb explosion

10° F

E dissociation dissociation
10 F
10% |

yield [arb.u.]

102

10t b

® o

10°

10 E

yield [arb.u.]

103 E

102-.I....I....
-25 -20 -15  -10 -5 0 5 10 15 20 25

longitudinal momentum H [a.u.]

Fig. 7.1 a Ion flight times obtained with a wavelength of 570nm. The black curve resembles
all recorded ions while in the colored curves exclusively those events are considered, in which
the associated electron(s) is (are) detected in coincidence with the ion(s), see text for details.
b Reconstructed longitudinal momenta for the H' ions, same color code as in (a)
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reconstructed longitudinal momentum distribution of the H ions is shown together
with a scale for the kinetic energy of the particles. Due to the almost identical mass
of the H atom and the H" ion, the total energy released, the kinetic energy release
(KER), is shared symmetrically between the two particles in the dissociation as well
as in the CE process. Therefore, the KER is given by twice the respective value
shown on the scale. As discussed in Sect.3.5.1, the fragmented H, molecules are
strongly aligned along the polarization direction of the laser such that the transverse
momentum components of the detected particles can be neglected. The same holds
for the small amount of energy carried by the emerging electron(s).

In order to have a closer look into the processes and in particular to be able to
separate the different channels from each other, an ion—ion coincidence mapping
technique is used, where the momentum of the first ion detected is related to the
one of the second, see e.g. [1]. Examples of the resulting coincidence maps for the
longitudinal momenta of the ions are shown in Fig. 7.2. The maps contain exclusively
those events, in which two HT ions are detected in coincidence. In addition, the
respective projections on the axes are shown as red lines. The black line on the
horizontal axis depicts the spectrum obtained if in addition those events are included,
in which only one ion is detected. The curves are scaled in height such that their global
maxima coincide.

A strong correlation between the two peaks with the highest absolute momenta
can be observed, thus identifying the CE channel. In contrast, the ions created by
dissociation, forming the inner peaks, are not correlated to each other. Instead, each of
these ions shares momentum with a neutral H atom that is not detected. Consequently,
the selection of the events, in which two ions are detected in coincidence, already
suppresses the dissociation channel as can be seen from comparison of the red and
the black curve.
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p1 second ion [a.u.]
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20 - 1r 1

1 e S 1 —

-20 -10 0 10 20 -20  -10 0 10 20

p first ion [a.u.] py first ion [a.u.]

Fig. 7.2 Ion-ion coincidence maps for the longitudinal H* momenta obtained at 470 nm (left) and
570nm (right), see text for details
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The shapes of the peaks clearly change with the wavelength. Nevertheless, they
can always be assigned to the different channels by exploiting the characteristic
fingerprint the CE leaves in the coincidence maps. However, it can of course not be
ruled out that the correlated peaks in the flight time spectra also comprise certain
contribution from ions produced with similar energies in dissociation processes.

By utilizing appropriate conditions on the flight time of the ions, the events asso-
ciated with the dissociation channel can be separated from the ones associated with
CE in an early stage of the analysis. Only those events are processed, in which—
depending on the process—exactly one (dissociation) or up to two ions (CE) are
detected together with the photoelectrons. The respective ion time-of-flight spectra
for those events are displayed in Fig.7.1 as thick curves in green and blue, respec-
tively. For the CE channel, the method represents a three-particle (Ht + 2e™) or
even four-particle (2H" + 2e™) coincidence measurement, which is in general fairly
critical with regard to statistics. Compared to the events, in which at least one of
the two electrons is detected—shown as the thin blue curve in Fig.7.1—, the total
number is decreased by about 80 % due to the limited efficiency of the detector and
its dead time after the detection of the first electron. Nevertheless, as will be shown
in Sect. 7.4, the statistics achieved is still good enough for highly resolved electron
momentum distributions.

The peak arising from CE at positive momenta in Fig.7.1b has, compared to the
respective one at negative momenta, a decreased magnitude. The initial momentum
vectors of the respective ions point towards the electron detector which results in
long flight times and in larger spatial coordinates for the impact position on the ion
detector. A part of the ions therefore misses the detector. If the laser polarization
is not perfectly aligned along the spectrometer axis, this effect is further enhanced.
However, apart from decreasing the level of statistics, the decreased magnitude of
the peak has no influence on the results presented in the following sections.

7.2 Experimental Setup and Measurement
of the Wavelengths

The experimental setup used for the measurements presented in this chapter is essen-
tially the same as used for the single pulse measurements in Chap. 6. Beside the direct
output of the laser system at about 790 nm, see Sect.2.2.1, the OPA is utilized for the
creation of radiation from about 470 to 1300nm as described in Sect.2.2.5. Addi-
tionally, an optical spectrometer is used to measure the actual wavelength delivered
to the REMI. The spectra obtained are shown in Fig.7.3. By performing Gaussian
fits—shown as solid lines—the central wavelengths are extracted, listed in Table 7.1.
Considering only the wavelengths delivered by the OPA, the dependence of the mea-
sured output on the value selected in the software is linear with a slope of one within
lo. The mean deviation between the selected and produced wavelength calculates to
less than 5nm and thus is much smaller than the typical spectral width of the pulses.
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Fig. 7.3 Measured optical spectra of the output of the OPA and the direct output of the laser
system. The labels represent the selected wavelengths, the central wavelengths obtained from fits
to the spectra are given in Table7.1. In some of the spectra, interference fringes can be observed.
This is caused by the method used for the measurement, namely the coupling of stray light into the
spectrometer via a fiber

Table 7.1 Comparison between the wavelength selected with the control software of the OPA and
the measured output, obtained from the fits to the optical spectra shown in Fig.7.3

Wavelength (nm)
Selected 470 498 530 570 600 630 660 1300 | (790)“
Measured 470 492 522 562 597 635 658 —8 784
~v*, Eq.(3.1) 0.86 0.83 0.78 0.72 0.68 0.64 0.62 0.31 0.52

“Direct output of the laser system
PWavelength exceeds specifications of the spectrometer
*For single ionization of Hy at a laser intensity of 5 x 10'* W/cm?

This proves the reliability of the OPA system with respect to the produced wave-
lengths. In all calculations and simulations presented in this chapter the measured
wavelengths are used, if available. However, in order to keep consistency with the
previous chapter, all spectra are still referred to according to the wavelength selected.

7.3 Changes in the Ion Momentum Distributions

First, the longitudinal momentum distributions obtained for the ions are investigated,
in particular the distributions arising from dissociation of the molecule. Figure 7.4
displays the lower regions of the momentum distributions of H* obtained at different
wavelengths. Every spectrum is normalized with respect to the area under the curve.
Due to the almost perfect symmetry, the following discussion is restricted to the
positive part with p; > 0.
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Fig. 7.4 Momentum
distributions of HT,
measured at different
wavelengths. The scale is

linear
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At a short wavelength of 470 nm, only one peak is visible at about 7.2 a.u. The ris-
ing of the signal at about 12 a.u. resembles the low-energetic tail of the peak assigned
to CE of the molecule and may be ignored for the moment. For wavelengths of 530 nm
and above, the formation of a second peak can be observed at a momentum of about
11a.u., also shifting to lower values with increasing wavelengths. However, in the
measurement carried out at 660 nm this trend does not continue. The distributions
obtained at 790 and 1300 nm differ to a large extent from each other and the one at
660 nm, which can be explained by the large steps in wavelength. The first shows
again only one large peak with an elongated pedestal towards zero momentum, while
the latter comprises two peaks very close to each other and thus merged.

The presence of two peaks in the KER spectrum of the dissociation channel has
been observed also in other experiments and was related to the different number
of photons involved in the transition from the bound H; system to the dissociative
potential curve [5]: The peak representing slowly dissociating molecules is the result
of the absorption of one photon, while the other is caused by a net-two-photon
absorption, possible e.g. as a sequence of an initial three-photon absorption followed
by the emission of one photon. As shown in [3]' for longer pulses, the latter is created
in the rising edge of the pulse, while the first emerges in the trailing edge, where
the intensity already decreases. The position of the peaks is—in contrast to their
magnitude—independent from the laser intensity as shown experimentally in [5].

One suitable approach for the reproduction of the experimental distributions is a
numerical solution of the TDSE for the dissociation process. However, this is difficult
since the results crucially depend on the laser intensity, which is hard to quantify and
known to vary in the laser focus, see Sect.2.1.3. If only the dissociation of the mole-
cule is subject of the calculation, rather than including also the preceding ionization
of the molecule, additionally assumptions about the initial state are required.

I'See also [4] for original figure in higher quality and a detailed discussion.
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Despite this problems, a set of simulation has been carried out by [2], using a
split-operator formalism to approximate the time-evolution operator of the system.
A set of reasonable parameters for laser intensity and pulse duration was tested. The
contribution from each of the vibrational states of Hi was calculated separately and
the respective distributions were added incoherently afterwards. An initial popula-
tion of the vibrational states proportional to the respective Franck—Condon overlap
with the ground state of the neutral hydrogen molecule was assumed. The pho-
ton energies resemble the measured values for the wavelengths given in Table7.1.
Excellent overall agreement was found for a rather low, but still reasonable laser
intensity of about 1.3 x 10'* W/cm? and a pulse duration of 30fs. The momen-
tum distributions obtained are displayed in Fig.7.5. The main features observed in
the experiment, namely the appearance of two peaks in the momentum spectra as
approaching longer wavelengths and their characteristic shifts are nicely reproduced.
Since CE is not considered in the simulation, the distributions approach zero, rather
than showing a plateau or already an increase at a momentum of about 12 a.u. The
remaining deviations to the experimental results can be assigned to different initial
population of the states in HJ and the finite intensity distribution in the laser focus,
see Sect.2.1.3, which is also not considered. In addition, the experimental intensity
varies from measurement to measurement, for example due to differing conversion
efficiencies in the OPA and changing dimensions of the laser focus. Since the calcu-
lated distributions are fairly sensitive to these parameters, it is reasonable to assume
that even better results could be obtained by an individual optimization of the para-
meters for each measurement. For example, the width of the peaks in particular in
the measurement at 470 nm is nicely reproduced with an assumed intensity of about
8.8 x 103 W/cm?, for which the results of the simulation are shown in Fig.A.2.
However, the rise of the second peak for wavelengths larger than 570 nm is much
better visible in Fig.7.5, at 1.3 x 10'*W/cm?. Since the main results are already

Fig. 7.5 Simulated
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Fig. 7.6 Momentum
distributions of H2+ measured
at different wavelengths. The
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reproduced with global parameters, and a further optimization is barely expected to
yield new information, this was not carried out.

Apart from the dissociation channel, stable Hy is formed by simple ionization
of the molecule. The momentum distributions obtained are shown in Fig.7.6. Sub-
structures in the broad distributions are clearly visible in particular in the measure-
ments at short wavelengths. The peaks of these structures are separated by momenta,
which correspond to the small fraction of the photon energy, the ionic molecule
gains in the ionization process. This energy is in good approximation given by
mef, x wy A 2.7 x 107 x wy, see Table A.2. Each of the peaks can thus be related
to an ATI process of particular order. Consequently, with increasing wavelength,
the separation of the peaks decreases. At the same time, their magnitude becomes
smaller and smaller, such that they finally—at 1300 nm—are not visible any more.

With regard to the overall distributions, a continuous increase in width can be
noticed with increasing wavelength as—for long wavelengths and the tunneling
regime—predicted by the ADK theory in Eq. (3.6). However, the trend is likewise
reasonable in the multiphoton picture for short wavelengths: With decreasing photon
energy, the number of photons needed for the ionization of the molecule increases.
Since the uncertainty in the photon energy in an ultrashort laser pulse—see Sect. 2.1—
adds up, the energy range accessible and thus the final momentum spread of the
created particles becomes larger and larger.

7.4 Electron Momentum Distributions

After the different channels are identified and separated from each other, respective
electron momentum distributions can be obtained in coincidence with the respective
ionic fragments. In general, in addition to the event selection described in Sect. 7.1,
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a condition on the momentum sum of the particles can be used in order to remove
false coincidences from the data, as done in Sect. 5.2. However, this is not done here
due to different reasons given in the following.

Dissociation channel: One of the particles, namely the neutral H atom emerging, is
not detected and its momentum thus always missing in the total momentum sum.

CE channel: For this channel, the main difficulty lies in the number of particles to
consider in the momentum sum. The detection of four particles in coincidence
is possible, but a strong constraint with regard to statistics. For this reason, all
those events are considered, in which both electrons and at least one of the ions
is detected. In a significant part of these events the situation is therefore similar
to the case of the dissociation channel.

Ionization channel: The simple single ionization to HJ and the creation of only
two particles in fact is an ideal situation to apply an additional condition on the
momentum sum. However, since the momentum distributions are to be compared
to the ones arising from the other channels, for which this is not possible, it is
reasonable to abstain from this here as well.

Figure 7.7 shows the electron momentum distributions obtained in coincidence with
H2+ at different wavelengths. At 470nm, shown in (a), the distribution features a
manifold of distinct broader formations of peaks along with sharp Freeman reso-
nances and four “fan-like” structures, pointing towards the origin. Signatures of ATI
dominate the regions of large momenta, visible also in the respective ion longitudinal
momentum distributions shown in Fig. 7.6. The measurement at 498 nm, (b), already
provides a distribution fairly different. The sharp Freeman resonances now dominate
the spectrum and at the position of the broader distinct peaks in (a), only faint indi-
cation of signal remains. In addition, the four fan-like structures in the central region
are more aligned along the p; axis and a fifth vertical stripe arises.

With increasing wavelength from 530 to 660 nm, along the distributions shown
in Fig.7.7c—g, more and more of the formally distinct formations become “con-
nected” in radial direction thus forming elongated stripes, pointing from regions of
large momenta towards the origin and absorbing the fan-like structures. The region
below a transverse and longitudinal momentum of about 0.3 and 0.8 a.u., respectively,
becomes more and more homogeneously filled. In the outer regions of the distribu-
tions, ATT structures are still present, however less separated due to the decreasing
photon energy. It has to be mentioned that the intensity in the measurement at 600 nm
was lower compared to the other measurements, which will be derived later from
the signal in the CE channel. Finally, at 1300 nm, (i), a distribution is obtained that
fills the full area specified above almost uniformly. Faint indications of ATI struc-
tures are still visible in transverse direction, at about 0.4 a.u. The transition of the
electron momentum distributions observed for Hj from short to long wavelengths
shows qualitatively the same trends as the respective transition observed for the noble
gas atoms: Broad, uniform and homogeneous distributions at long wavelengths, and
distributions with distinct structures and Freeman resonances at short wavelengths.
The sensitivity on the ionized species clearly decreases with increasing wavelength.
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Fig. 7.7 Electron momentum distributions obtained in coincidence with H2+ at different wave-
lengths: a470nm, b498 nm, ¢ 530 nm, d 570 nm, e 600 nm, f 630 nm, g 660 nm, h 790 nm, i 1300 nm.
The linear color scale used is displayed in Fig. A.1b

Already for 790 nm, where still a manifold of distinct structures are visible, the distri-
butions for H, and Kr show many similarities, compare Fig. 7.7h to Fig. 6.5d: In both
cases, seven fan-like structures are visible and the structure emerging in direction of
Py splits at about 0.2 a.u. In contrast, the momentum distributions obtained for short
wavelengths crucially depend on the species ionized.

Can these observations be transferred to the comparison of momentum distribu-
tions obtained for a different reaction channel of the molecule? In particular interest-
ing is the dissociation channel, since it is expected to contain in principle the same
initial ionization from H, to H5 . If this ionization and the subsequent dissociation are
treated as completely independent processes, the electron momentum distribution of
this channel, shown in Fig. 7.8, should be identical to those obtained in coincidence
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Fig. 7.8 Electron momentum distributions associated with dissociation of the molecule at different
wavelengths: a 470nm, b 498 nm, ¢ 530nm, d 570nm, e 600 nm, f 630nm, g 660nm, h 790 nm,
i 1300nm. The linear color scale used is displayed in Fig. A.1c

with H . However, already in this representation, striking differences are visible
compared to the sequence shown in Fig.7.7.

In order to visualize the discrepancies between the distributions more clearly, the
straight-forward approach would certainly be, to simply calculate the difference of
the respective spectra. However, in this process, information is lost. For example,
for both an equally strong or a likewise vanishing signal in the distributions, the
difference always calculates to zero. The full information about the two distributions
can therefore—still—only be obtained if two pictures are considered, namely the
calculated difference and one of the original distributions. In order to encode all
information in one single picture, a different approach is used, described in the
following.
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Starting from the two binned momentum distributions to be compared to each
other (normalized to their respective maximum), a constant value of 0.1 is subtracted
in order to suppress background. Negative values are afterwards set to zero and the
distributions are again normalized. Depending on the channel, one of the color scales
shown in Fig. A.le—g is applied. The scales are chosen according to the assignment
to the channels made in Fig.7.1, and designed such that each contains only shades
of pure red, green or blue. Besides pure black, associated with vanishing signal,
none of the colors present in one particular scale can be produced by additive color
mixing between the others. As a final step, the two distributions are added by means of
additive color mixing. If this is done e.g. for the distributions arising in the ionization
channel (red) and the dissociation channel (green), the resulting distribution contains
these colors and—in regions where both of the former distributions showed signal—
shades of yellow. Figure 7.9 visualizes the approach.

Figure 7.10a;—a; displays the resulting graphs for the comparison of the ioniza-
tion and the dissociation channel for three selected wavelengths. The full series of
graphs for all wavelengths can be found in Fig. A.3. While the differences in the dis-
tributions obtained is clearly visible in measurements at short wavelengths, shown
in (a;) and (ap), for long wavelengths, (a3), the distributions are almost identical.
If approaching the regime of tunnel ionization, the resulting electron momentum
distributions thus become insensitive not only to the species, but also to the channel.

The differing distributions obtained at short wavelengths prove the simple sequen-
tial picture, in which the dissociation of the molecule is treated as completely sep-
arated from the ionization process, to be wrong. In the simplest case, this can be
explained by a post-selection effect: Molecules in lower vibrational levels resist dis-
sociation to a larger extent. The electron momentum distribution associated to the
dissociation channel thus may contain primarily events, in which the H, molecules
are ionized to one of the higher lying levels in H in the first step. The difference
between the lower and the upper vibrational levels is comparable to the photon ener-
gies used, such that the separation of the channels may be equivalent to a selection
of the number of photons involved in the ionization process. Due to the difference
in total angular momentum that can be transferred, the associated electron momen-
tum distributions are expected to differ from each other. For long wavelengths, were
the photon energy becomes small against the energy difference of the upper and the
lower levels, this effect is then expected to vanish. In this case, the number of photons

Fig. 7.9 Overlays of momentum distributions for comparison, see text for details
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Fig. 7.10 Combined electron momentum distributions. a Ionization channel (red) and the disso-
ciation channel (green) at (a1) 470nm, (a2) 498 nm and (a3) 1300nm. b Same series as is (a) but
comprising the dissociation channel (green) and CE channel (blue)

required to access a particular state in Hj is not well-defined any more. Since all
possible channels contribute to the total signal, broad distributions result.

Finally, the electron momentum distributions associated to the CE channel are
displayed in Fig. 7.11. The level of statistics in the measurement at 600 nm, e, is lower
for this channel due to a lower laser intensity, favoring ionization and dissociation of
the molecule. Since the ionization process is completely different, at least for one of
the electrons, the resulting distributions can be expected to clearly differ from those
obtained for the other channels. However, the difference to the dissociation channel,
Fig.7.10b;-bs, appears actually less pronounced than the one between the other two
channels. It has to be mentioned that the limited statistics in the CE channel lowers the
visibility of the differences in this representation to some extent. At 1300 nm, (bs),
the distributions are again identical. The full series of graphs and the respective
comparison between the dissociation and CE channel are shown in Figs. A.4 and
A.5, respectively.

In conclusion, molecular hydrogen was exposed to strong laser pulses of different
wavelengths. The utilization of the reaction microscope and the possibility of multi-
coincidence measurements in combination with an ion—ion coincidence mapping
technique, see e.g. [1], gave access to channel-selective momentum distributions.
Experimental results for the momentum distribution of the ions produced in the
dissociation channel could be reproduced in TDSE calculations carried out by [2].
The change of the channel-selected electron momentum distributions with changing
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Fig. 7.11 Electron momentum distributions associated with CE of the molecule at different wave-
lengths: a470nm, b498 nm, ¢ 530nm, d 570 nm, e 600 nm, f 630 nm, g 660 nm, h 790 nm, i 1300 nm.
The linear color scale used is displayed in Fig. A.1d

wavelengths was discussed. Moreover, the distributions arising in different channels
were compared to each other. With increasing wavelengths, more and more similar
distributions could be obtained.
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Chapter 8
Conclusion and Outlook

Throughout this thesis, the interaction of strong laser fields with atoms and mole-
cules has been investigated by utilizing a Ti:sapphire laser system and a reaction
microscope (REMI). Before the laser pulses interacted with particles, different tech-
niques allowed their manipulation. In detail, pulses of different wavelengths were
created by making use of an optical parametric amplifier and nonlinear crystals for
frequency mixing. Few-cycle pulses were produced by exploiting nonlinear effects
in a neon-filled hollow-core fiber and subsequently the technique of chirped-mirror
compression. The use of a piezo-driven Mach—Zehnder interferometer enabled time-
resolved measurements. The ability of REMISs to detect all created ions and electrons
in coincidence with very high resolution and a large acceptance is what makes these
momentum spectrometers ideal tools for the investigation of ionization and dissoci-
ation processes.

The experimental investigations performed and the results obtained in the course
of this thesis can be divided into three parts. In the first part, presented in Chap. 5,
the fundamental strong-field tunneling process itself is the subject of investigation,
exploiting a spin-orbit wave packet (SOWP) in the singly charged argon ion. In the
second part, Chap. 6, the strong-field ionization of krypton and argon is investigated
for different wavelengths. The subject of the third part, Chap. 7, is the extension of
wavelength-dependent measurements to molecular hydrogen.

In the following, an individual, detailed summary for each of the parts is given
together with future perspectives.

Tunnel Ionization from a Coherent Superposition in Ar™*

Two identical few-cycle laser pulses were utilized in a pump-probe scheme to launch
and probe a SOWP in singly charged argon ions. By removing an electron from a
neutral argon atom, a coherent superposition of electronic states was created within
the pump pulse. The second pulse was used to probe the system subsequently to
Ar** by tunnel ionization.
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Although the influence of the ions’ long-range Coulomb field has striking impli-
cations on the transverse momentum distributions, perpendicular to the laser polar-
ization, the dynamics of the SOWP was proven to be reflected in these distributions,
as predicted in [21]. This has a close relationship to the observation made more than
15 years ago in highly-energetic ion-atom collisions, where—despite the Coulomb
interaction—the underlying atomic structure was likewise preserved [10, 17].

Since the Coulomb interaction is similarly influencing the freed electrons, its
effect cancels out to a large extent if the change in the observed electron momen-
tum distributions with the time-delay is examined rather than the distribution itself.
Thus, state-selective information about the momentum distribution directly after the
tunneling process was extracted and common theoretical models were tested.

In the case of the transverse momentum component, a prediction by the models
is given by Eq. (5.6): The distribution is assumed to be described by a product of the
absolute squared, projected bound-state wave function and a Gaussian “filter” [2].
In the measurements presented in this part, the product form of this expression
was, to the best of our knowledge, explicitly tested for the first time. The bound-
state wave function indeed is reflected in the momentum distribution obtained and
the Gaussian shape of the filter is reasonable. A simple model, based on scaled
hydrogenic wave functions and ADK ionization rates, qualitatively reproduced the
results. The remaining deviation, namely the too narrow momentum distributions,
were likewise observed in experiments using circularly polarized light [2, 7]. A
comparison of the results to calculations based on the numerical solution of the
time-dependent Schodinger equation (TDSE) can be found in [15].

Along the laser polarization, where the electron is directly influenced by the laser
field, no state-dependence could be observed. This is in agreement with the common
assumption of a vanishing momentum component right after tunneling [5], although
could possibly arise from “bunching” effects in the laser field [14].

Beside being interesting with respect to the understanding of the very fundamental
process of strong-field tunneling, the results of this part are similarly important for
state-of-the-art streaking techniques such as the attoclock [9]. The interpretation of
data obtained with these techniques relies on a precise knowledge about the electron
momenta right after the tunneling process. For this reason, providing information
about the latter resembles an important step towards higher precision and towards
answering fundamental questions such as whether a tunneling time exists or not [8].

The results described in this part of the thesis have been published in [11].

Population of Doubly Excited States in Strong Laser Pulses

In the experiments presented in Chap. 6, ionization of krypton and argon was initi-
ated with strong laser pulses of different central wavelengths, ranging from 395 to
1600 nm. The fundamental change in the interaction between the laser field and the
atoms, namely the transition from the multiphoton regime for short wavelengths to
the tunneling regime at long wavelengths, was directly observed in the photoelectron
momentum distributions.

In the multiphoton picture, Rydberg states in the noble gas atoms may be excited
resonantly by absorption of an appropriate number of photons. In contrast, in the
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tunneling regime, a different mechanism, known as frustrated tunneling ionization
(FTD) [18], was recently identified and the process thus embedded into the successful
three-step model [5]: After tunneling, the electron is driven by the laser field and
recollides with its parent ion. For some of the electrons, ionized close to a field
maximum, the kinetic energy is very low such that the electron may be recaptured
into a Rydberg state, forming a neutral Rydberg atom.

Due to the excellent resolution and the high level of statistics obtained in this work,
unique fingerprints of autoionizing doubly excited states (DES) could be identified
in the electron momentum distributions up to a wavelength of 1300 nm, associated
with the tunneling regime and thus the FTI process rather than resonant multiphoton
excitation. In these states, not only the Rydberg electron is excited but also the
electronic core close to the nucleus. To the best of our knowledge, this is the first
report of the creation of DES within the FTI process. Furthermore, by utilizing a
pump-probe scheme, the possibility of manipulating the states with a fairly weak
second laser pulse was demonstrated.

However, the question remains whether the excitation of the electronic core takes
place in the tunneling step or later, in the moment of recollision. Particularly interest-
ing is the second scenario. The excitation of the electronic core by resonant recaptur-
ing of a slow electron is a process precisely investigated in a manifold of experiments
and commonly known as dielectronic recombination (DR). Among others, storage-
ring experiments and measurements in electron-beam ion traps have been performed,
see e.g. [16, 19] and [1, 3], respectively. However, only higher charged or lighter
ions have been investigated before. In this respect, the results presented in this thesis
could be the first realization of a DR experiment for singly charged krypton and
argon ions.

Future facilities might overcome the technical limitations inhibiting the measure-
ment of DR in singly charged ions. The storage of Ar™, although not yet cooled, has
been successfully demonstrated recently at the Cryogenic Storage Ring (CSR) [20],
currently being built at the Max Planck Institute for Nuclear Physics in Heidel-
berg [4]. Once efficient cooling of the stored ions is achieved, experiments on DR in
Ar" may be possible with very high precision [13].

Channel-Selective Electron Spectra for H, at Different Wavelengths

In Chap.7, the systematic investigation of momentum distributions created in the
interaction with strong fields of different wavelengths was extended to molecules.
Molecular hydrogen was chosen as a target because advanced calculations includ-
ing the numerical solution of the TDSE are possible for this system. The molecule
provides—in addition to pure ionization—more complex reaction channels, namely
dissociation and Coulomb explosion. Exploiting ion—ion coincidence mapping, see
e.g. [6], the different peaks appearing in the time-of-flight spectra of the ions could
be identified and associated with the different mechanisms.

Concerning the dissociation channel, the momentum distributions of the emerging
ions were investigated and compared with calculations based on the solution of the
TDSE [12]. Excellent agreement could be obtained for reasonable laser parameters
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although the initial ionization to HJ was not included in the simulation and focal-
volume averaging effects were not considered.

The ability of the reaction microscope to perform multi-coincidence measure-
ments, including simultaneous detection of ions and electrons, allowed the extrac-
tion of channel-selected electron momentum distributions that were compared to
each other. For short wavelengths, clear deviations between the distributions pro-
duced in different channels were observed, decreasing with increasing wavelength.
At 1300nm, almost identical distributions could be obtained. Since only a few par-
ticles have to be considered, calculations based on the TDSE are possible for the
system and may be used for further investigation of the dissociation dynamics and
to gain a deeper insight into the underlying mechanisms at different wavelengths.
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Appendix A

A.1 Atomic Units and Physical Constants

In atomic physics it is often useful and convenient to relate quantities to the respective
values in the hydrogen atom. This defines the system of atomic units, see e.g. [1,
Sect. 1.2], which is used in this work unless otherwise stated. Table A.1 summarizes
the basic quantities and relations to other unit systems.

A.2 Particle Data

See Table A.2.

A.3 Color Scales

See Fig. A.1.

A.4 Supplementary Graphs

See Figs.A.2, A3, A4 and AS.
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Table A.1 Definition of the system of atomic units and relationship to other systems

X A

Quantity Definition 1 a.u. corresponds to

Length Bohr radius ag 0.52917721092 x 10~10m

Mass Electron mass m, 9.10938291 x 103! kg
1822.88848 ' u

Charge Elementary charge e 1.602176565 x 10~1° C

Energy Hartree energy Ej 43597443 x 10718

27.21138505eV

Angular momentum h 1.054571726 x 10734 Js
6.58211928 x 10"1%eV's
Time t = hyg, 241888433 x 10717 s
Momentum meap/, 1.99285174 x 10~2*kgm/s
Electric field Eh foaq 0.514220642 x 10'2 V/m
Intensity Ef,/rwg 6.4364091 x 10'> W/cm?
Laser intensity® E06152/2 3.5094451 x 10'® W/cm?

All values are taken or derived from [6]
2Common convention in strong-field physics, see e.g. [7]

Table A.2 Masses and ionization potentials important for this work

Ne Ar Kr Xe H
Ei (eV) 21.564540 15.7596112 13.9996049 12.1298431 15.42593
mass (u) 20.1797 39.948 83.798 131.293 2.01588
Net Art Krt Xe™
Ei (eV) 40.96296 27.62967 24.3598 20.975
Aw (eV) 0.09676024 0.17749368 0.665808 1.306423
Electron H
Mass 1au. 1.00782503207 u

The atomic ionization potentials E; and spin-orbit splittings Aw are taken from [4], the standard
atomic weights for the atoms from [2], the electron mass from [6] and the H; data from [5]

(a) (b) (© (d (e)
1.0 1.0 1.0 1.0
0.8 0.8 0.8 0.8
0.6 0.6 0.6 0.6
0.4 0.4 0.4 0.4
0.2 0.2 0.2 0.2
0.0 - 0.0 0.0 0.0

® (®
1.0 1.0
0.8 0.8
0.6 0.6
0.4 0.4
0.2 0.2
0.0 0.0

Fig. A.1 Color scales used for visualization of experimental and theoretical data
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Fig. A.2 Simulated momentum distributions of dissociating H* [3] at an intensity of about 8.8 x
1013 W/ecm? and pulse duration of 30fs. The scale is linear
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Fig. A.3 Combined electron momentum distributions obtained for the ionization channel (red)
and the dissociation channel (green). a 470nm, b 498 nm, ¢ 530nm, d 570 nm, e 600 nm, f 630 nm,
g 660nm, h 790nm, i 1300 nm
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Fig. A.4 Combined electron momentum distributions obtained for the dissociation channel (green)
and the Coulomb explosion channel (blue). a 470nm, b 498 nm, ¢ 530nm, d 570nm, e 600 nm,

f 630nm, g 660nm, h 790nm, i 1300nm



150 Appendix A

Der [a.0] Por (2.0 Per [a.u]

P [au]

0.0

-0.8 -0.4 0.0 0.4 0.8

p [a.u]

Fig. A.5 Combined electron momentum distributions obtained for the ionization channel (red)
and the Coulomb explosion channel (blue). a 470nm, b 498 nm, ¢ 530nm, d 570 nm, e 600 nm,
f 630nm, g 660nm, h 790nm, i 1300 nm
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