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Abstract

Abstract

The availability of pico- and femtosecond laser pulses, which can be focused to peak intensities in the range
between 10'? and 10'® W/cm?, allows the investigation of the interaction between atoms or diatomic molecules
with strong laser fields. It has revealed fascinating phenomena such as above-threshold ionization (ATI) [1], high
energy above-threshold ionization (HATI) [2], non-sequential ionization (NSDI) [3], high-harmonic generation
(HHG) [4] and, most recently, frustrated tunnel ionization (FTI) [5]. Today, these characteristic strong-field
phenomena are the backbone of the burgeoning field of attosecond science. Derived applications presently mature
to standard techniques in the field of ultrafast atomic and molecular dynamics. Examples are HHG as table-top
source of coherent extreme ultraviolet radiation with attosecond duration or the application of HATI for the
characterization of few-cycle laser pulses [6] [7]. Although experimental and theoretical considerations have shown
that using longer laser wavelength is interesting for applications as well as for fundamental aspects [8], primary
due to technological limitations, the vast majority of measurements has been performed at laser wavelengths below
1.0 pm.

In this thesis, an optic parametric amplification laser source of intense femtosecond laser pulses with short-wave
infrared (SWIR) and infrared (IR) wavelength is put to operation, characterized and compressed to intense few-
cycle pulses. Further, it is applied to investigate strong-field photoionization (SFI) of atoms and diatomic molecules
using two different experimental techniques for momentum spectroscopy of laser-induced fragmentation
processes.

For SFI of atoms, the velocity map imaging technique is used to measure three-dimensional momentum
distributions from strong-field photoionization of Xenon by strong SWIR fields with different pulse duration.
Besides observation of the pulse duration dependence of characteristic features, like the low-energy structures [9],
which are particularly pronounced in the SWIR, an eye-catching off-axis low-energy feature, called the “fork”, which
appears close to right angle to the polarization axis of the laser, is investigated in detail [10]. The corresponding
modeling with an improved version of the semi-classical model [11] [12] [13], demonstrates that on- and off-axis
low-energy features can be traced to rescattering between the laser-driven photoelectron and the remaining ion.
They can, thus, be understood on the same footing as HATI [2], where the electron scatters into high energy states.

SFI of diatomic molecules is investigated using an apparatus for Ion Target Recoil lon Momentum Spectroscopy
(ITRIMS) [14] [15]. Besides measuring intensity dependent vector momentum distributions of the protons from SFI
of the hydrogen molecular ion, Hf (Hy — H* + H* + e7), it is shown that momentum conservation can be used to
extract the correlated electron momentum from the measured data, although the electron is not detected. The
capability of having experimental access to the momenta of all fragments, i.e. two protons and one electron, enables
the analysis of correlated electron-nuclear momentum distributions. Together, with a one-dimensional two-level
model, this sheds light on correlated electron-nuclear ionization dynamics during SFI of diatomic molecules by

SWIR fields.
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Die Verfiigbarkeit von Laserpulsen mit Pulsdauern im Piko- und Femtosekundenbereich, die auf
Spitzenintensititen zwischen 102 and 10'® W/cm? fokussiert werden koénnen, hat die Untersuchung der
Wechselwirkung zwischen Atomen oder zweiatomigen Molekiilen mit starken Laserfeldern ermdoglicht und fiihrte
zur Entdeckung faszinierender Phanomene wie Above-Threshold Ionisation (ATI) [1], hoch energetische Above-
Threshold Ionisation (HATI) [2], nichtsequentielle lonisation (NSDI), die Erzeugung hoher Harmonischer (HHG) [4]
und, zuletzt, frustrierte Tunnelionisation [5]. Heute sind diese charakteristischen Starkfeldeffekte das Riickgrat des
der Attosekundenwissenschaft, wo derzeit abgeleitete Anwendungen zu Standardmethoden fiir die Untersuchung
extrem schneller atomarer und molekularer Dynamik heranwachsen. Beispiele dafiir sind die Erzeugung hoher
Harmonischer als Laborquelle fiir kohdrenter Strahlung im extrem ultravioletten Wellenldngenbereich sowie als
Quelle fiir Attosekundenpulse oder die Anwendung von HATI zur Vermessung von Einzelzyklenlaserpulsen [6] [7].
Obwohl experimentelle und theoretische Betrachtungen gezeigt haben, dass die Verwendung langerer
Laserwellenlange fiir Anwendungen und fundamentale Aspekte von Interesse ist, wurde aufgrund technologischer
Beschrankungen der allergrofdte Teil der Messungen bei Laserwellenlangen unterhalb von 1.0 pm durchgefiihrt.

In dieser Arbeit wird eine optisch-parametrische Laserquelle intensiver Femtosekundenlaserpulse mit
Wellenldngen im kurzwelligen Infrarotbereich (SWIR) und Infrarotbereich (IR) in Betrieb genommen,
charakterisiert und zu Pulsdauern im Einzelzyklenbereich komprimiert. Weiterhin wird diese Quelle verwendet um
die Starkfeldionisation (SFI) von Atomen und zweiatomigen Molekiilen in diesem Wellenldngenbereich zu
untersuchen. Dazu werden zwei verschiedene Techniken der Impulsspektroskopie lasergetriebener
Fragmentierung verwendet.

Zur Untersuchung der SFI von Atomen wird die Velocity-Map-Imaging Technik benutzt um dreidimensionale
Photoelektronenimpulsverteilungen von Xenon nach Ionisation durch SWIR-Felder bei verschiedenen Pulsdauern
zu vermessen. Neben der Beobachtung der Pulsdauerabhdngigkeit charakteristischer Strukturen, die im SWIR-
Bereich besonders stark hervortreten, z. B. die Low-Energy-Struktur [9], wird eine interessante Struktur mit dem
Namen ,Gabel“, die in nahezu rechtwinkliger Emissionsrichtung zur Laser Polarisation auftritt, im Detail untersucht
[10]. Die zugehorige Modellierung mit einem verbesserten halbklassischen Modell [11] [12] [13] zeigt, dass auch
niederenergetische Strukturen auf Riickstreuung zwischen dem lasergetriebenen Elektron und dem verbliebenen
Ion erklart werden konnen. Dies fiihrt den Ursprung der niederenergetischen Strukturen auf dasselbe Konzept
zuriick, das zum Verstdndnis der HATI Strukturen bei hohen Elektronenenergien verwendet wird.

Die SFI zweiatomiger Molekiile wird mit Hilfe einer Anlage fiir lon Target Recoil lon Momentum Spectroscopy
(ITRIMS) untersucht [14] [15]. Neben der intensitdtsabhdngigen Messung von Vektorimpulsverteilungen der
Protonen nach SFI des Wasserstoffmolekiilions, Hi (Hy —» H* + H* + e~), durch SWIR-Felder, wird gezeigt, dass
Impulserhaltung verwendet werden kann um den korrelierten Elektronenimpuls aus den Messdaten zu
extrahieren, obwohl das Elektron nicht detektiert wurde. Die experimentelle Verfiigbarkeit der Impulse aller
Fragmente, ndmlich von zwei Protonen und eines Elektrons, erlaubt die Analyse korrelierter Elektron-Kern-
Impulsverteilungen. Gemeinsam mit einem eindimensionalen Zweiniveau-Modell kénnen so korrelierte Elektron-

Kern-lonisationsdynamiken wahrend der SFI zweiatomiger Molekiile beleuchtet werden.
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1 Motivation and Document Structure

1.1 Motivation

The availability of energetic laser pulses with pulse durations in pico- and femtosecond domain which can be
focused to peak intensities in the range between 102 and 10'® W/cm?, enabled the investigation of the interaction

between strong laser fields and matter since of the end of the 1970s. Since then, the combined experimental and
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Figure 1.1: a) Illustration of the semi-classical model of the interaction between a strong-field and an atom
The characteristic processes of ATI, HATI, NSDI, FTI and HHG are shown see text for details. b) in addition to the molecular
versions of ATI, HATI, NSDI, FTI and HHG, coupled electron-nuclear dynamics lead to additional phenomena which are

relevant for ionization and dissociation of diatomic molecules, see text for details.

For atoms this includes classical and quantum mechanical aspects of the characteristic processes like above-
threshold ionization (ATI) [1], high energy above-threshold ionization (HATI) [2], non-sequential ionization (NSDI)
[3], high-harmonic generation (HHG) [4] and, most recently, frustrated tunnel ionization (FTI) [5]. The underlying
physics of these phenomena can be intuitively understood within both the semi-classical model (SCM) of strong-
field interactions [11] [12] and its quantum mechanical counterpart [16]. Both are based on the sub-cycle electron
dynamics in the laser field. The SCM divides the strong-field interaction of atoms in three-steps, which take place
within one optical cycle, see Figure 1.1 a) for an illustration. In the first step at a time when laser field is strong,
tunnel ionization of the atom in the continuous wave linearly polarized laser field, see e.g. [17] for a recent review,
facilitates electron ejection at some starting time with respect to the laser. For the second the step, one neglects the
influence of the atomic binding potential and calculates the electron trajectory using classical mechanics of an
electron in the external laser field. Depending on the starting time and the time-dependent shape of the field, there
are so-called direct trajectories, which leave the vicinity of the ion directly, and trajectories, which lead to a return

of the field-accelerated electron to the parent ion at some later at the time of return. The return represents the third
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step of the model. Different electron-ion interactions are responsible for the characteristic strong-field phenomena.
Elastic electron-ion scattering is responsible HATI [2]. The effect of an inelastic scattering process between electron
and ion can lead to electronic excitation including excitation to a second and higher order ionization state of the ion,
which is summarized by NSDI [3]. More recently, the creation of Rydberg states due to electron recapture at the
return has been observed and named FTI [5]. Radiative recombination between electron and ion is the origin of the
emission of high-energy photons, which is known as HHG [4].

Having summarized the rich sub-cycle electron dynamics of atoms in strong fields, we turn now to strong-field
dynamics of diatomic molecules. The existence of the rotational and vibrational degree of freedom lead to several
phenomena [18] that are related to strong-field-driven electron-nuclear dynamics. These occur in addition to the
molecular versions of the electron dynamics of ATI, HATI, NSDI, FTI and HHG, which were discussed along the SCM
in the previous paragraph. The complexity of molecular strong-field interactions have led to a large number of
publications on this topic in which keeping the common track of all effects and aspects is not trivial. Figure 1.1 b)

tries to illustrate important phenomena in a compact way. Among them are:

Alignment of the molecule, i.e. the angle between the molecular axis and the linearly polarized laser is relevant
from several aspects [19] [20] [21]. Already comparatively weak femtosecond laser fields induce a dipole
moment that leads to a torque that rotates the molecular axis with respect to the linear polarization, i.e. a
rotational wave packet is excited. The laser-field-free evolution of this wave packet leads to periodic
alignment/anti-alignment of the molecular ensemble in the target on the picosecond time scale, which is
regularly exploited to investigate strong-field interaction with aligned molecules in pump-probe schemes. For
an initially unaligned ensemble of the target molecules, the orientation dependence of transition dipole moments
and ionization rates selects portions of the angular distribution that preferably dissociate or ionize. This
alignment dependence can often be used determine the underlying dynamics taking place, e.g. the kinetic energy
resolved angular distributions of the fragments can be used to determine and distinguish different ionization
and dissociation pathways [15] [16] [14].

The effects of strong-field dissociation, multi-photon dissociation / above-threshold dissociation (ATD) [22], two
and zero photon dissociation (TPD and ZPD) [23], bond-softening (BS) [24] and bond hardening (BH) [25] are
related to dissociation of the molecules by strong laser fields, e.g. the reaction Hf - H* + H for the hydrogen
molecular ion. Several perspectives can be used to understand and explain various aspects and observations of
strong-field dissociation. Within the vertical transition picture, it is explained in such a way that the molecule is
excited to a dissociative electronic state by absorbing energy from one or a few photons of the laser field. Due to
repelling forces among the nuclei that occur in the dissociative electronic state, the nuclei gain kinetic energy by
rolling down the dissociative potential energy curve, see Figure 1.1 b), such that corresponding kinetic energy
release (KER) distributions for dissociation develop as depicted in the right part of Figure 1.1 b). Emission of
one photon on the way out, gives the possibility to jump back to the binding potential energy curve such that the
already accelerated and now out-going nuclei are decelerated. This effect can explain the observation of net two
and even zero photon dissociation. All the mentioned effects can be considered such that the strength of the
external field is taken into account and can explain intensity dependent effects that alter the shape of the KER

distribution.
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Coulomb explosion (CE) / Dissociative lonization (DI) / Charge Resonance Enhanced lonization (CREI) [26] [27],
are names for strong-field ionization of the molecule, i.e. for the reaction HY —» H* + H* + e™. For this reaction,
the external field ionizes the molecule and creates two protons and an electron. The protons repel each other on
the 1/R Coulomb potential and the electron moves in the combined potential of the protons and the strong field
such that complex and rich dynamics occur. Similar to dissociation, the nuclei role down the potential and the
corresponding kinetic energy release (KER) spectra are observed, see Figure 1.1 b). DI points out that the strong-
field might excite the dissociative electronic state prior to ionization such that ionization can occur from there
and thus from a wider range of internuclear distances, R, which leads to changes in the observed KER
distribution of ionization. So-called CREI addresses the aspect that ionization of, e.g. H, in a quasi-static field is
enhanced or suppressed depending on R due to the nuclear geometry [26] [28].

Molecular frustrated tunnel ionization [29] denotes, similar to atomic FTI, an electron recapture process.
However, in contrast to atomic FTI, where the laser field drives the electron exactly back to the ion for a
recapture, the nuclei that repel each after ionization while the electron is driven by the field can lead to the effect
that one of the nuclei recaptures the electron. In this way, H* + H pairs with high KER of Coulomb explosion

ionization can be generated with the charge of dissociation.

Primary due to technological limitations, the vast majority of measurements on strong-field phenomena of atoms
and diatomic molecules has been performed at laser wavelength below 1.0 pm. Only recent developments in
femtosecond laser technology enable the investigation of strong-field interactions at longer wavelength
experimentally [8]. Thereby, experimental and theoretical considerations on the wavelength scaling of strong-field
interactions [8] have shown that longer laser wavelength is interesting from several perspectives and will be the
primary focus of this thesis.

From a more application oriented perspective, increasing the laser wavelength increases the energy of the
liberated electron during the strong-field interaction. This can be beneficial e.g. for the development of table-top
extreme-ultraviolet (XUV) and soft-x-ray sources as it increases the energy of the emitted photons in the HHG
process [30] [31]. At the same time, it has potential for the generation of shorter XUV attosecond pulses. Both can
then be used in secondary measurements for the investigation of ultrafast dynamics. For the example of molecular
HAT], higher electron energy is particularly attractive for laser-induced electron diffraction (LIED) [32]. In this
scheme, the photoelectron signal from elastic scattering between the returning electron and the ion, i.e. the high-
energy part of the photoelectron momentum distribution, is used as laser-driven electron diffraction signal to probe
the molecular structure in a time-dependent manner. A recent example demonstrated the possibility of following
bond breaking dynamics in small molecules based on LIED [33].

From a fundamental perspective, increasing the laser wavelength increases the parameter space of experimental
investigations and, therefore, represents an experimental testbed for models on strong-field interactions. For
example, the experimental investigation of strong-field photoionization revealed an unexpected large photoelectron
yield at low photoelectron energies [9] [34], the so-called low-energy structures (LES). It is particularly pronounced
if ionization is facilitated by long-wavelength driving fields. More recently, features at very low [35] and even
around zero energy [36] received attention. The LES structure, its off-axis extension, its sensitivity to the pulse
duration [10], and how it can be understood within the semi-classical model [37] are topics of this thesis in chapter

4. In view of fundamental aspects for strong-field photoionization of diatomic molecules, it might be imagined that

10
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interesting coupled electron-nuclear dynamics occur as the strong laser field forces the motion of the electron to
the time scale of the optical cycle. For the combination of a very light molecule, such as the hydrogen molecular ion,
H3, and along wavelength field where the duration of the optical cycle is comparable to the time scale during which
significant nuclear motion can take place [38] [39]. Another aspect is that the longer wavelength leads to a slower
changing strength of the laser field and thus the assumption of static field ionization as the initial ionization
mechanism in the SCM is better justified. Potentially, then the effect of CRE], i.e. that the ionization rate is sensitive
to the internuclear distance, is more pronounced and can be better observed as in comparable measurements at
wavelength below 1.0 um, where a clear observation of CREI has been disputed [40] or only possible under

specifically tailored experimental conditions so far [41].

1.2 Document Structure

The document is structured as follows. Chapter 2 “Generation of Intense Few-Cycle Laser Pulses at Short-Wave
Infrared Wavelength” is about the generation of intense few-cycle laser pulses at short-wave infrared wavelength
(SWIR) in the range between 1 to 2.5 pm. The source of intense femtosecond laser pulses at SWIR wavelength is put
to operation and is characterized. Further, techniques to characterize this laser source are presented, namely,
characterization of the focal spot, characterization of the pulse duration including the spectral phase and a post
compression technique to generate SWIR few-cycle pulses with up to 1 m] energy and a pulse duration below 12 fs
at a center wavelength round 1.8 pm.

Before we turn to the investigation of strong-field ionization of atoms and diatomic molecules, relevant
fundamentals of “Momentum Spectroscopy of Laser-Induced Fragmentation Processes” are shortly summarized
and reviewed in chapter 3. Thereby, the measurement setups, i.e. the velocity map imaging (VMI) setup for the
measurement of photoelectron momentum distributions (PMDs) and the Jena setup for lon Target Recoil Ion
Momentum Spectroscopy (ITRIMS), are introduced. They are used to investigate strong-field photoionization
chapters 4 and 5.

In chapter 4 “Off-Axis Low-Energy Structures in Strong-Field Photoionization” (SFI) of atoms is investigated using
Xenon as target. Measurement of the PMDs enables the observation of features at low electron energies, which are
typical for SFI of atoms by SWIR fields. An eye catching fork-like feature perpendicular to the laser polarization is
observed and investigated in greater detail. Comparing PMDs from ionization by long laser pulses, which are several
optical cycles in duration, with PMDs from ionization by few-cycle fields, illustrates that all details of the observed
features are susceptible to the time-dependent shape of the field. Comparison of the measurements to theoretical
results that are obtained by a version of semi-classical model (SCM) of SFI, which takes electron trajectories that
are substantially longer than one optical cycle as well as details of the electron-ion scattering cross-section into
account, shows that low-energy features including the newly investigated fork-like feature can be traced to field-
driven rescattering between electron and ion.

In chapter 5 “Probing Strong-Field Photoionization of a Beam of H} at Short-Wave Infrared ”, we turn to the
investigation of diatomic molecules by measuring intensity-dependent vector momentum distributions from laser-
induced fragmentation of an ion beam of H molecules. The discussion of details of the measurement documents

that the Jena ITRIMS setup can be used to perform kinematic complete measurements of SFI of Hf (Hf —» H* +

11
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H* + e~) where not only the momenta of the two protons, but also the momentum of the electron is accessible.
Further, the investigation considers the intensity dependent of KER spectra and by making use of the electron
momentum measurement, the so-called joint electron-ion energy distributions are investigated in detail. In order
to gain insight into the SFI dynamics of diatomic molecules, the measurement results are compared to a one-
dimensional two-level model of SFI of Hf . The comparison with the measurement demonstrates qualitative
agreement, which seems to be reasonable given the simplicity of the model as it neglects e.g. rotations.

In chapter 6 Conclusion and Outlook the results of the thesis are concluded and possible future directions are
mentioned.

12
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2 Generation of Intense Few-Cycle Laser Pulses at Short-Wave Infrared

Wavelength

2.1 Introduction and Outline

OPA pumped by 9.5 mJ NDFG

Ti:Sa CPA >10 mJ signal, 1.1 - 1.6 pum, 1.5-2.3 mJ 2.4 pm - 10.0 pm,
34 fs, 1 kHz idler, 1.6 — 2.4 pm, 0.8 —2.0 mJ -4 0.2mJ-0.03m)

20 fs — 100 fs, 1 kHz ~100 fs

gas-filled hollow-fiber with bulk compression
1.8 um, 0.7 mJ, < 12 fs, few-cycle pulses

Figure 2.1: Schematic setup for the generation of intense femtosecond pulses in the infrared

A Titanium-Sapphire (Ti:Sapphire) based femtosecond chirped pulse amplification (CPA) system produces
laser pulses with a wavelength around 0.8 pm. These pulses are used to pump a tunable optic parametric
amplifier (OPA) where a fraction of the pulse energy is converted to the signal and the idler that have center
wavelengths of 1.1 - 1.6 pm and 1.6 pm - 2.6 pum respectively. The pulse duration of both remains on the order
of the pulse duration of the pump, i.e. in the regime of a few 10s of femtoseconds. An additional stage for non-
collinear difference frequency generation (NDFG) can be used to further increase the wavelength. Both, the
OPA output and the NDFG output can be used directly for strong-field experiments. In order to generate few-
cycle pulses in the mid-infrared, the idler of the OPA can be spectrally broadened in a gas-filled hollow-fiber.

Subsequent bulk compression yields few-cycle pulses with a center wavelength of 1.8 um.

Since the discovery of strong-field interactions in atoms and molecules [1] and high energy above-threshold
ionization (HATI) [2], non-sequential ionization (NSDI) [3], high-harmonic generation (HHG) [4], the vast majority
of measurements and theoretical considerations has been done for laser wavelengths below 1.0 pm. Only recent
advances in femtosecond optical parametric amplification (OPA) and optical parametric chirped amplification
(OPCPA) technology enable the investigation of strong-field laser-matter interaction at substantially longer
wavelength in the short-wavelength infrared (SWIR) range between 1.0 and 4.0 pm.

Increasing the driving laser wavelength in strong-field laser physics is interesting from several perspectives [8].
As mentioned, from a fundamental point of view, it opens an experimentally largely unexplored parameter range
[9] where interesting dynamics for atoms and molecules can be expected. From a more practical viewpoint, it is,
e.g., beneficial for the development of table-top extreme ultra-violet (XUV) sources as HHG with long wavelength
driving lasers gives access to higher photon energies, see e.g. [30]. Simultaneously, longer driving laser wavelength
increases the bandwidth in the XUV such that it holds potential for the generation of shorter attosecond pulses. For
new methods for time-resolved imaging of ultrafast dynamics such as laser-induced electron diffraction [32] [33]
and high-harmonic spectroscopy [42], longer driving lasers are beneficial.

A popular approach for increasing the driving laser wavelength is the use of traveling-wave OPA technology. A

schematic of a typical setup is shown in Figure 2.1. The output of a high-energy standard femtosecond Titanium-
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Sapphire (Ti:Sapphire) based chirped pulsed amplification (CPA) system is used as pump laser for an OPA. The OPA
transfers a part of the available pulse energy around 0.8 pm to the signal and the idler wave with wavelengths
between 1.0 and 1.6 pm and between 1.6 and 2.4 um respectively, employing the non-linear optical process of
difference frequency generation (DFG). The wavelength range between 2.4 and 10 um becomes accessible with the
use of an additional stage for non-collinear difference frequency generation (NDFG). The pulse duration remains in
the femtosecond regime during these wavelength conversions such that both outputs, i.e. DFG-output and NDFG-
output of the OPA, are intense enough to perform strong-field experiments. Few-cycle pulses with a center
wavelength around 1.8 pm can be generated in an easy way by spectrally broadening the idler from the DFG by non-
linear propagation in a gas-filled hollow fiber [43] in combination with bulk compression [44].

In the following section 2.2, the basic concepts of CPA are shortly mentioned and specific features of a CPA system
that has been used in this thesis are concluded. Principles of OPA operation and results from the implementation
and characterization of the commercially available OPA system “HE-TOPAS-C” from LIGHT CONVERSION™ are
given in chapter 2.3. Also, the suitability of this source for strong-field ionization experiments is demonstrated. In
chapter 2.4, few-cycle pulses with a center wavelength around 1.8 um are generated and characterized. A simple
approach to control the intensity of few-cycle pulses is demonstrated in appendix Al.

Note that much of the work on the generation of few-cycle pulse has been done in close collaboration with Frank
Meyer during his master thesis [45]. First ionization experiments with the output of the NDFG stage at a center
wavelength of 3.4 um were achieved during the bachelor thesis of Hoang Le. Further we thank, Dr. Bruno E. Schmidt

as he has been available for advice in construction and operation.

2.2 Chirped Pulse Amplification Laser System

Ti:Sapphire-based laser femtosecond laser technology has seen rapid progress for more than two decades now
and the generation of intense femtosecond laser pulses with a center wavelength around 0.8 pm has become
routine. Appropriate laser systems are commercially available from a number of producers. Most recent product
leaflets advertise average powers up to 100 W. Thereby, these laser are capable of delivering CEP-controlled pulses
with pulse durations down to 20 fs and pulse energies up to 30 m] with repetition rates between 1 kHz and a few
10s of kHz. The key concepts of such systems are the generation of femtosecond pulses in Kerr-lens mode-mocked
Ti:Sapphire lasers [46] which are then amplified by chirped-pulse amplification (CPA) and recompressed [47] close
to the initial duration in the fs regime.

The CPA system at the Non-linear optics laboratory of the Friedrich-Schiller-University Jena, consists of a
commercially available FEMTOPOWER™ Compact™ Pro HP/HR CEP front end [48]. Initially, it starts with a CEP
stable Kerr-Lens-Mode-Locked Ti:Sa laser that delivers CEP-controlled [49] sub-10-fs pulses with an energy of a
few n] at a repetition rate of about 80 MHz. These pulses are stretched to about 60 ps using a bulk stretcher before
they are amplified in cryogenically cooled multi-pass amplifier. After 4 passes in the amplifier, a Pockels cell is used
to reduce the repetition rate to 4 kHz. The rest of the 80-MHz pulse train is dumped. After the Pockels cell,
transmission through an acousto-optic programmable dispersive filter [50] (Dazzler, FASTLITE), allows controlling
the amplitude and spectral phase of the laser pulses. It is typically used to control and correct high-order dispersion

such that the shortest possible pulse duration is reached after compression at the output of the front-end. After the
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Dazzler, another 5 passes in the amplifier boosts the energy from pJ-level to about 1.1 m]. Pulse compression is done
in a transmission-grating based compressor. Altogether, the “FEMTOPOWER” front end delivers CEP-controlled 1-
m], 24-fs pulses at a repetition rate of 4 kHz. Typically, 90 % of this CPA’s output is used for strong-field experiments
directly while 10 % is sent to a secondary CPA that has been manufactured by THALES.

The “THALES” is an independent CPA by itself, i.e. it has a stretcher and a compressor and two more multi-pass
amplification stages. Both, stretcher and compressor use reflective gratings. After the stretcher, the repetition rate
is lowered to 1 kHz using a Pockels Cell. The first amplification stage of the “THALES” has been originally designed
as a water-cooled two-pass amplifier and the second stage is a cryogenically cooled three-pass amplifier. After
compression, 10-mJ, 34-fs pulses at a repetition rate of 1 kHz is easily reached in daily operation.

Installation of an acoustic optical modulator (AOM, Dazzler) and modifying the water-cooled 2 pass amplifier such
that it becomes a 4 pass amplifier recently, enables more flexibility over the spectral phase and bandwidth of the
“THALES” output pulses without loss in pulse energy. If the available energy from the pump laser would be fully
used, even higher energy can be expected. For pulses with very clean spectral phase an increase of the conversion
efficiency in the HE-TOPAS-C System by a few percent has been observed. Note that the numbers, which are given

in the next chapter, have been measured without this recent modification of the system.

2.3 An Optical Parametric Amplifier for Frequency Down Conversion

In this section, we introduce details of commercially available HE-TOPAS-C System from the manufacturer LIGHT
CONVERSION from Vilnius, Lithuania. In 2.3.1 we introduce the three-stage OPA with non-collinear difference
frequency generation stage (NDFG). Later, in 2.3.2, the output of the “TOPAS” at typical daily operation is

characterized.

2.3.1 White-light Seeded Three-Stage OPA with NDFG Stage - The HE-TOPAS-C System

The commercially available high-energy traveling-wave optical parametric amplification of white-light continuum
system (HE-TOPAS-C) is based on optical parametric amplification (OPA). In this non-linear optical process, laser
beams with three different frequencies are involved. They fulfill energy conservation, i.e. Awp = Aw; + hws. Here,
wp is the angular frequency of the pump, w; is the angular frequency of the idler and ws is the angular frequency of
the signal. They are related to their respective wavelength, 1, 4; and As. In the case here, 1, = 0.8 pum. Thus, with
the OPA process only smaller frequencies or longer wavelengths are accessible with this device. In order to reach
high efficiency for the energy transfer from the pump beam to the signal and the idler beam, it is necessary to achieve
momentum conservation or phase matching, i.e. Ep = E, + ES. Thereby, k with the subscripts denote the k-vector of
pump, signal and idler beam again. The HE-TOPAS-C that is used in this thesis, has been modified such that type II
phase matching (ep — o5 + ¢;) in the birefringent non-linear Beta Barium Borate crystals (BBO, 8 = 28°) is
achieved in close-to collinear geometry for all amplification stages. Close-to collinear geometry minimizes spatio-

temporal distortions in the amplification.
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*oidler

WLG + stretcher pre-amplifier 1, BBO 1 amplifier 2, BBO 2 amplifier 3, BBO 3

Figure 2.2: Schematic of the HE-TOPAS-C

The incoming pump beam is split into three pump arms. Each of them is equipped with a delay stage, t,, 7,, T3 that can
be adjusted with stepper motors. These delays are used to control the temporal overlap in the amplifier stages. In the
bottom left region, white-light continuum generation is used to generate a seed for the subsequent amplification stages
(WLG+stretcher). The white-light continuum is then stretched in time. Controlling the advent of the pump pulse via t;
on a coarse time scale in the pre-amplifier 1 allows to tune the wavelength of the OPA (pre-amplifier 1, BBO 1). The
additional fine delay, 7,, in the pre-amplifier allows one to control the CEP of the generated idler from the pre-amplifier
via passive CEP stabilization. Using the idler beam as the seed in all subsequent amplification stages, amplifier 2
(amplifier 2, BBO 2) and amplifier 3 (amplifier 3, BBO 3) allows, in principle, the generation of an intense CEP-stable
idler at the output of the OPA. The signal beam from the previous stages is not used for subsequent amplification.
However, the signal beam from the last amplifier 3 (amplifier 3, BBO 3) is available for experiments and for further
difference frequency generation between signal and idler in the NDFG stage. The HE-TOPAS-C, is fully software
controlled such that the adjustment of delays and crystal angles is done fully automatically and changing the output

wavelength requires pressing a button only. The NDFG stage is not shown here.

A sketch of the HE-TOPAS-C is shown in Figure 2.2. It consist of a white-light generation stage (WLG+stretcher)
and three OPA stages (pre-amplifier 1, BBO 1; amplifier 2, BBO 2; amplifier 3, BBO 3). The white-light (WL)
generation stage enables tune ability of the generated signal and the idler beam at the output of the TOPAS. At this
stage, WL generation in a sapphire plate is used to generate a seed that takes the role of the signal beam in the first
amplification stage. Propagating the WL through a material with high dispersion before amplification stretches it in
time and generates a seed where the wavelength changes as a function of time. Thus, changing the relative timing,
7,, between the short pump pulse and the stretched WL on a coarse time scale allows tuning the center wavelength
of the idler from this OPA stage. Amplification of the idler in all subsequent stages increases the energy of the idler,
but doesn’t change the wavelength. In order to keep the conversion efficiency in all amplification stages high, the
BBO crystals are rotated such that the phase matching is achieved for the selected wavelength and the relative
timings, 7, and 73, are adjusted such that best temporal overlap is achieved. In the HE-TOPAS-C system, the
coordinated adjustment of delays and crystal angles is software controlled and fully automated such that changing

the output wavelength requires pressing a button only.
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Figure 2.3: Schematic of the non-collinear difference frequency generation option in HE-TOPAS-C

The incoming pump signal and idler beam from the OPA stages are crossed at an angle in a Silver Thiogallate
(AgGaS2) crystal. Again, a stepper motor is used to control the delay, 7,4, between the two pulses. It is adjusted
such that output signal is maximized. Simultaneously, the angle of the AgGaS2 is adjusted such that phase

matching is achieved.

In contrast to the standard HE-TOPAS-C setup, the HE-TOPAS-C that is used in this thesis, has been modified such
that the idler beam from the pre-amplifier 1 stage is amplified in subsequent stages instead of amplifying the signal
from the first stage. This has the advantage that the idler beam at the output of the HE-TOPAS-C is in principle
passively CEP stable [51]. Passive CEP stability means that although, the 0.8 pm pump laser has a statistically
fluctuating CEP, the CEP of the idler from the HE-TOPAS-C is constant while the CEP of the signal fluctuates as the
pump. The origin of this mechanism lies in the phase relation of the OPA process [51], which is ¢p = ¢p; + ¢pg + /2
and yields ¢; = ¢p — ¢ps — m/2. As the pump and the signal in the first amplification stage are generated from the
same laser pulse (i.e. they are separated by a beam splitter only), both have the same CEP fluctuations. Thus, they
cancel each other yielding a constant phase for the idler. Further, the idler has a constant CEP at the output of the
HE-TOPAS-C, which is controlled by the exact timing between pump and signal on a fine scale, i.e. on a sub-cycle
scale. In order to achieve CEP control at the output of the HE-TOPAS-C, one of the mirrors in the WL beam path has
been mounted on a piezo actuator. It can move by up to 9.6 pm, which is more than sufficient to change the CEP over
2m. The quality of the passive CEP stability of the idler is directly related to the interferometric stability of the beam
path in the HE-TOPAS-C, which is more than two meters.

A sketch of the NDFG stage is shown in Figure 2.3. After the three OPA stages, the generated signal and idler beam
are crossed at a small angle in a Silver Thiogallate (AgGaS:z) crystal where the difference frequency is generated.
Phase matching in the DFG process is achieved via type I (es + 0; = 0pg¢) in the birefringent non-linear crystal. The
wavelength of the NDFG output depends on the wavelength of the signal and the idler beam from the OPA. High
conversion efficiency is ensured by adjusting the angle of incidence on the AgGaS: crystal for optimal phase
matching as well as the delay, 7,, between the signal and the idler beam. Again, all these necessary alignment steps
are motorized and software controlled. The previously mentioned feature of the passive CEP stable idler from the
OPA is gone in this stage as the CEP stable idler is mixed again with the signal which has CEP fluctuations. Thus, the
NDFG output is not CEP stable.

2.3.2 Characterization of the HE-TOPAS-C - Output

Knowing the essential interaction parameters in an experiment is crucial for qualitative and quantitative

comparisons between experimental and theoretical results in strong-field laser physics. To first order, these
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parameters are the center wavelength, 1, the pulse duration, 7, and the peak intensity, I, in the strong-field
experiment. In modern measurements, more precise characterization of laser pulse properties such as the precise
temporal profile or spatio-temporal characteristics are needed. While some of the necessary measurements for the
determination of interaction parameters are trivial and can most easily done using commercially available devices,
others require more complex apparatuses that are not commercially available and thus, have to be developed and
implemented. Here, we present the implementation of pulse characterization used to determine the interaction
parameters for strong-field interaction experiments at SWIR wavelength in subsequent chapters. Thus, an
impression of the output of the HE-TOPAS-C in pulse energy, spectrum, focal spot and pulse duration is given

primarily for the idler range.

Wavelength Dependent Pulse Energy

HE-TOPAS-C pumped by 9.5-mJ-34-fs pulses at 0.8 um with 1 kHz
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Figure 2.4: Pulse energy at the output of the HE-TOPAS-C as function of wavelength
The efficiency of the energy transfer from the pump beam to the sum of the signal and the idler beam reaches
more than 40% (depending on the wavelength) for wavelengths in the signal and idler range between 1 and

2.5 pm. For the NDFG output, energy is converted from the pump to the NDFG beam with up to 2% efficiency.

Figure 2.4 shows the pulse energy as function of wavelength at the output of the used HE-TOPAS-C after
installation. It is pumped by 9.5 m], 34-fs pulse at 1 kHz from the THALES. The energy of the THALES is set to 9.5 m]
by adjusting the pump power in the last cryogenic amplification stage. The demonstrated performance can be
reached in daily operation if the in-coupling into the HE-TOPAS-C is optimized. The efficiency, i.e. npps = (€5 +
€;)/€p, of the energy transfer from the pump beam to the signal and the idler beam is wavelength dependent and
reaches up to 43%. Similarly, npre = €npre/€p, the energy transfer from the pump to the NDFG beam reaches an

efficiency of up to 2%. The energy stability of the HE-TOPAS-C output is on the order of 3%.
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Figure 2.5: Focal Spot Characterization at IR wavelength based on a two-photon

a) Measurement of the Grey-Level of a standard CCD camera (WinCamD) as a function of incident intensity on a loglog-plot.
The fit result, which is shown in the top left corner, indicates close to a two-photon process. b) shows a screenshot of the
WinCamD'’s software. The values that are given for wy,,,s from the program need to be multiplied by Vb in order to account

for the two-photon response of the detector.

At visible wavelength, characterization of the focal spot can simply be done using a camera. For infrared
wavelength above 1.1 um however, the sensitivity of typically Silicon-based CCD sensors drops dramatically. The
reason for this is that the photon energy at long wavelength drops below the band gap energy of Silicon, which is
about 1.12 eV (or ~1.1 pm in wavelength) at room temperature. Instead of using Silicon-based CCDs, other detector
materials such as Indium-Gallium-Arsenid (InGaAs, up to 2.6 pm) or Indium-Antimonid (InSb, 1.0 pm up to 5.5 pm)
might be used to characterize the focal spot. However, such detectors / cameras are rather expensive and typically
have large pixel size.

Alternatively to an expensive detector, a two-photon process on a Silicon-based CCD can be used for the
characterization of the focal spot. Figure 2.4 b) shows a screenshot of the signal at the focal spot for a center
wavelength of 1.8 um on the Silicon-based CCD sensor of a standard WinCamD camera. The spot shape is Gaussian.
In case of a two-photon process, the peak of the grey level distribution on the camera is expected to follow a power
law, y = al?. In order to verify this relation and to determine b for the given CCD sensor, the intensity of the
attenuated beam has been changed without changing the geometry of the focus in Figure 2.5 a). To this end, the
technique presented in appendix A1 has been used. As expected, the grey level, y, follows a line with a slope of b =
1.90 + 0.06 on a log-log plot indicating close to a two-photon process. Thus, for a Gaussian laser spot that has the
waist size, w, and the intensity distribution, I(r) = Iyexp(—2r%/w,?), the grey level distribution on the CCD of the
Silicon-based camera is, y~[I(r)]?. It is now easy to show that, wy, = VbW,eqs = 1.38 * Wyyeqs. For the example in b),
the WinCamD states, Wyerticalmegs = Whorizontalmegs ~ 43-45 fm = wy = 59.96 pm. Although, not shown here, it
has been tested that b does not change significantly if the center wavelength is changed in the idler (1.6 ym < A <
2.4 pm ) range of the TOPAS. For the signal range (1.1 pm < A < 1.6 ym) however, b is expected to become

wavelength dependent such that it might be necessary to be determine b for a few center wavelengths.
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Temporal Characterization using Frequency-Resolved Optical Gating
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Figure 2.6: Setup for dispersion minimized frequency resolved optical gating (SHG-FROG) [45]

In a), the optical setup of the SHG FROG is shown. The laser pulses are sent into an interferometer that uses
d-shaped mirrors as beam splitters. After the interferometer, the pulses are focused and overlapped spatially
and temporally in a SHG crystal. The SHG signal is recorded as a function of the delay, 7, using a spectrometer
yielding a so-called FROG-trace that is shown in b). In order to reconstruct the spectral phase and therefore,
the temporal pulse profile, a commercial retrieval algorithm is used. As a consistency check, the FROG trace
from the reconstruction is shown in c). The temporal intensity profile of the pulse is shown together with its
Fourier transform limit (TL) in d). In e), the reconstructed spectrum and spectral phase is shown together

with an independently measured spectrum as consistency check.

A second-harmonic generation frequency resolved optical gating (SHG-FROG) apparatus [52] has been
implemented for temporal pulse characterization of the laser pulses in the signal and idler range of the HE-TOPAS-
C [45]. A schematic is shown in Figure 2.6. Attenuated laser pulses come from the top and are sent in to an
interferometer where the beam is split and combined using d-shaped mirror (BS 1 and BS 2). The delay, 7, is used
to introduce a delay between both pulse copies. After combination, both pulses are focused and overlapped spatially
and temporally at a very small angle in a BBO crystal for second harmonic generation (SHG). The BBO has a thickness
of 50 um and is cut for type I phase matching at the angle, 8 = 21° and ¢ = 90°. Anti-reflection coatings for the
wavelength range 1.0 pm and 2.4 um for the fundamental as well as 0.5 um to 1.0 um for the second harmonic
minimize losses. The small thickness of the crystal ensures large phase matching bandwidth such that very short
pulses in the few-cycle regime can be characterized. After the BBO, the SHG light is sent to a spectrometer where
the SHG spectrum is recorded stepwise as function of the delay, 7. From this so-called FROG trace, the spectral phase
and thus, the complete time-dependent structure can be reconstructed using a phase retrieval algorithm which is
done by a commercially available software (SWAMP OPTICS). However, due the use of SHG-FROG, an ambiguity in
the sign of the spectral phase remains. This ambiguity can be solved by comparing the spectral phases of two FROG
measurements where one has been taken with an additional piece of glass with known dispersion before the FROG

apparatus. Such an analysis yielded an estimate for the GDD =~ — 630 fs? and a TOD =~ +1000 fs3 ata pulse duration
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of 7, = 70 fs (intensity full-width half-maximum) for the idler beam around 1800 nm behind the TOPAS. The
fourier-limited duration (FTL) in this measurement was 7,y = 20 fs. Compared to T,pr, of the pulse, the
measured GDD and TOD correspond to propagation through roughly 10 mm of fused silica. Assuming that a close-
to FTL is generated by the optic parametric amplification in the last stage of the TOPAS, the measured GDD and TOD
behind the TOPAS can be attributed to a large extend to the transmission of the idler through dichroic beam
splitters, which are used to separate signal and idler.

One might deduce that using reflective beam splitter for the idler could yield a shorter idler pulse directly behind
the TOPAS. At the same time, transmitting the signal would not stretch much as the signal wavelength is close to the
zero GDD point of many materials. Alternatively, the dispersion might be compensated using chirped mirrors or
propagation through materials that introduce positive GDD, e.g. noble gases. However, this approach is typically
accompanied by the acquisition of higher order phase distortions and particularly positive TOD for typical materials
in the range of the idler of the TOPAS. A third option might be to change the interaction in the last amplification
stage of the TOPAS from collinear to slightly non-collinear. In this way, signal and idler can be separated spatially

behind the crystal. However some pulse-front tilt is introduced onto the beams.

2.4 Hollow-Fiber Compression at Short-Wave Infrared Wavelength

Hollow-Fiber compression has become a standard technique for the generation of few-cycle pulses with up to m]
pulse energy at center wavelength around 0.8 pm. Here, Hollow-Fiber compression for a center wavelength around

1.8 um is implemented and characterized as in [53].

2.4.1 Pulse Compression by Non-Linear Propagation in Gas-Filled Hollow Fibers

Due to bandwidth-limitations in the amplification process of ultrashort pulses such as gain narrowing, typical
Ti:Sapphire based CPA laser systems deliver pulse durations around 25 fs only. However, compared to the optical
period of 2.7 fs for 0.8 um, the intensity full-width half-maximum duration (FWHM), 7, is thus, on the order of 10
optical cycles. In order to reach the few-cycle regime between 1 and 5 optical cycles various schemes that exploit
various non-linear effects such as, self-phase modulation, self-steepening, four-wave mixing, plasma blue-shifting
and filamentation have been investigated with the goal to increase the spectral bandwidth [54]. Around 0.8 um, so-
called hollow-fiber compression [55] [56] is presently the most powerful technique and has become a standard
setup for the generation of few-cycle pulses [57]. Typically, 0.8 pm-25-fs-pulses with about 1 m] in energy are
focused into a roughly 1 m long glass capillary with an inner diameter of about 200 pm. Placing this capillary into a
chamber where the pressure can be changed from a few mbars up to a few bars and filling it with a noble gas, allows
one to achieve non-linear pulse propagation inside the gas-filled capillary, which yields significant spectral
broadening. Collimating the pulses with a spherical mirror after the exit of the hollow-fiber and compensating the
spectral phase using chirped mirrors [58] in combination with glass-wedges yields few-cycle pulses with a center

wavelength around 0.8 pm and a few m] in energy [59].
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More recently, hollow-fiber compression is used for post-compression of the idler beam from the HE-TOPAS-C
[53]. Similarly to the standard technique around 0.8 pm, the idler from HE-TOPAS-C is spectrally broadened by non-
linear propagation in an Argon-filled hollow fiber and collimated afterwards. Due to the opposite signs of the second
order dispersion of self-phase modulation and typical glasses at this wavelength, linear propagation in a bulk
material after spectral broadening [44] yields sub-2cycle pulses with pulse energies on the m] level.

In the next chapter, the implementation of a setup for hollow-fiber compression at 1.8 pm is implemented and

bulk compression in fused-silica glass is characterized and optimized using the previously introduced SHG-FROG

setup.

2.4.2 Generation of Sub-2-cycle Pulses at a Wavelength around 1.8 pm
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Figure 2.7: Hollow-fiber compression at a center wavelength of 1.8 pm [45].

a) A sketch of the setup. The top row, b), shows the recorded SHG-FROG traces while the thickness of fused
quartz is increased from 0 mm to 6 mm in steps of 2 mm. Below, in c) the time-dependent intensity
distribution and phase are shown. Best compression to close-to Fourier-transform limited 2-cycle pulses

yields about 4 mm of fused silica.

A sketch of the scheme that is used for hollow-fiber compression at a center wavelength of 1.8 um is shown in
Figure 2.7. Laser pulses in the idler range of the HE-TOPAS-C with a duration of roughly 70 fs and a center
wavelength of 1.78 um are focused into a differentially pump setup for hollow-fiber compression [60] using an f=75
cm CaFz lens. The inner diameter of the fiber is 400 um. Behind the fiber, collimation is done using a spherical silver
coated mirror with focal length f=1m. Applying about 1.1 Bar of Argon on the pressurized side of the setup yields

sufficient spectral broadening to achieve sub-12-fs pulses around 1.78 pm with an energy of 0.7 m]. The spectral
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phase is characterized using the FROG technique presented previously. Compensation of the spectral phase is

achieved if thickness of the fused silica plates is adjusted to about 4 mm after collimation.

2.5 Conclusion and Outlook

In summary, a commercially available 1-kHz-10-m]-35-fs Ti:Sapphire-based multi-pass chirped pulse
amplification system (“Thales”) is used to pump a high pulse energy traveling wave optic parametric amplifier
(“TOPAS”) to generate energetic femtosecond laser pulses with tunable wavelength in the short-wave infrared and
infrared spectral range. Further, hollow-fiber compression can be used to generate few-cycle pulses around 1.78
um with an energy of 0.7 m]. The output of the presented setups has been characterized and is regularly operated
to study strong-field laser-matter interaction in this thesis. The setup presented is similar to many setups that are
used to investigate strong-field laser-matter interaction around the world.

Presently developing and maturing technologies, which are expected to become relevant for strong-field laser-
matter interaction in the future, are high average-power fiber lasers with wavelength in the near infrared and short-
wave infrared spectral range as well as high average-power optic-parametric chirped pulse amplification. Also the
combination of both is expected to play a vital role. Both technologies have the potential to shift the average-power
from several ten Watts (for Ti:Sapphire-based lasers) to hundreds of Watts, which will enable investigation and

application of strong-field laser-matter interaction at higher repetition rate.
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3 Momentum Spectroscopy of Laser-Induced Fragmentation Processes

3.1 Introduction and Outline

Recent experimental and theoretical progress in understanding of atomic and molecular reactions would not have
been possible without the availability of instrumentation for their analysis. Very significant advances in this field
date back to the 1980’s when the group around Prof. Horst Schmidt-Bécking at the University Frankfurt started the
development of Cold-Target Recoil lon Momentum Spectroscopy (COLTRIMS) [61] [62]. In COLTRIMS, the
simultaneous measurement of full three-dimensional vector momenta of not only one, but ideally all fragments, i.e.
electrons, ions, and in an ideal world even neutrals, that result from the interaction between a projectile or laser
beam and a target jet, allows for the experimental analysis of complex reaction kinematics. The measurement
principle relies on the use of static electric and magnetic fields to guide the charged fragments from the interaction
zone to position- and time-sensitive detectors [63] [64]. As neutrals do not react to electric and magnetic fields,
typically only charged fragments can be measured. Together with knowledge of the fragment mass, fragment charge
and calibrated spectrometer fields; the measurement of impact time and impact position at the detectors is the basis
for calculating fragment vector momenta, p;, of each fragment. Repeating this many times (many initial particles of
the same initial state), yields momentum differential cross-sections or rates, which can be used to infer reaction
dynamics.

The COLTRIMS principle is so flexible that it has become a technique that has spread out over many fields in
physics and chemistry. Many variants and/or simplifications of it, i.e. COLTRIMS-like fragment momentum
spectrometers, are presently operated to measure momentum differential cross-sections of various kind of
reactions around the world. As targets, cold jets of atoms, molecules, ions, clusters and nanoparticles are used. For
the projectile, beams of electrons, ions, and photons of all kinds are applied. In view of this thesis, Xe atoms and H
ions are targets and photons in the form of intense femtosecond laser fields are the chosen projectiles to investigate
ionization dynamics in intense laser fields with short-wave infrared wavelength.

The measurements in this work have been done using two variants of COLTRIMS-like fragment momentum
spectrometers. A Velocity-Map Imaging Spectrometer (VMI) [65] [66] is applied to measure photoelectron
momentum distributions (PMD) after strong-field photoionization of Xenon, see chapter 3.5. Details of the
apparatus are shortly introduced in subsections 3.3 and 4.2. An lon Target Recoil lon Momentum Spectroscopy
(ITRIMS) setup is used for the analysis of strong-field photoionization of Hf, in chapter 5. Both setups have been
implemented, are regularly operated and are continuously improved at Friedrich-Schiller University and
Helmholtz-Institute Jena. For further details, one might consult references, [67] [68] [45] for the VMIS and [14] [21]
[69] [70] for the ITRIMS.
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3.2 Kinematics in Setups for Momentum Spectroscopy of Laser-Induced Fragmentation

Processes

Before we turn to details of the used VMI and ITRIMS setups, kinematics of the laser-induced fragmentation
processes are summarized in this section. We begin by recalling the standard interpretation of measurement data
in 3.2.1 and the semi-classical picture on laser-matter interaction in 3.2.2. Finally classical mechanics of laser-
induced fragmentation is summarized in order to recall conservation laws that are relevant for the employed

experimental setups.

3.2.1 Determination of Fragment Momenta - Micr

channel-plate detector

spectrometer XLV
! . ’ y
4z, mz, P> ,/ fields  —— TOF
" o
Qr QB,m3
MV,
’ Sy
q1,M1,P1 4

reaction volume
Qo

Figure 3.1: Determination of Fragment Momenta

a) Illustrates the microscopic time domain from a few tens of femtosecond before until few tens of femtoseconds
after the laser-induced fragmentation process. The fragmentation creates [ fragments that have the fragment
momenta p;. In the macroscopic domain, b), fragments emerge from the reaction volume (focal volume) with
some momentum p;. Electric and magnetic spectrometer fields guide them to the detector where measurement
of impact position and time-of-flight (TOF) is the basis to calculate p;. Both domains are connected due to

momentum conservation. b) is an adaption from [71]

Independent of the details of the used experimental apparatus (COLTRIMS, ITRIMS, VMIS, etc.), momentum
spectroscopy of laser-induced fragmentation processes relies on measurement of impact position and time of
ideally all fragments. Thereby, the times and positions measured are macroscopically later and larger (nano- and
microseconds; centimeters and meters) than the times and positions that are relevant for the quantum mechanical
dynamics of the fragmentation (atto- and femtoseconds; pico- and nanometers). Using such a scenario to infer
information on the microscopic quantum mechanical dynamics relies on dividing the full interaction, i.e. laser field
and spectrometer fields, into a microscopic time domain of the laser-induced fragmentation and a macroscopic time
domain during which the fragments are guided by external electric and magnetic spectrometer fields until they hit
a detector, see Figure 3.1 [72] [73] [71].

The microscopic domain ranges from a few femtoseconds before until a few tens of femtoseconds after the laser
field has passed. During this time, external spectrometer fields are typically neglected as they are much weaker than
the typical strength of the reaction forces, e.g. the laser field or Coulomb fields among the fragments. Motions that

occur during microscopic time domain are negligibly small (atto- and femtoseconds; pico- and nanometers)
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compared to the relevant position and time scales in the macroscopic time domain e.g. size of the reaction volume
(laser focus, micrometers) or the dimension of the spectrometer (centimeters and meters). Thus, the microscopic
times and positions can be neglected for the dynamics on the scale of the macroscopic time domain during which
the fragments travel e.g. from the reaction volume until they hit a detector after some time-of-flight (TOF). Both
domains are connected as momenta gained in the one or the other domain are conserved and are not negligible
from the one or the other perspective.

This connection uses the picture that the [* fragment with fragment mass m; and fragment charge q; emerges

from the reaction volume with some fragment momentum

PL=DPi+Po=p+Vem. (3.1)

, see Figure 3.1. The contribution, p,; = Vym,, is the [t momentum fraction of the initial momentum of the target
particle P, = MV,. The mass of the initial particle is M = ), m;. The exact trajectory to the detector during TOF
from the position of the fragmentation g, (in the interaction volume) depends on the type of the experimental
apparatus. It is sensitive to q;, m;, V, and of course, to the shape and size of electric and magnetic spectrometer
fields. In order to determine p; from measured macroscopic impact times and positions, x;, y;, and TOF;, one uses
classical mechanics of charged particles in the spectrometer fields. For each spectrometer, VMI, ITRIMS, COLTRIMS,
etc., appropriate calibration techniques as well as coincidence filtering techniques are used in order to ensure
precise and reliable determination of p;. Combining this measurement of p; with precise knowledge, control or well
justified assumptions on the distribution of initial velocities V respectively on Vym,; in the target, allows to
separate the momentum gained due laser-induced fragmentation p; from the measured sum p; = p; + Vym,.
Typically, the motion due to Vym; can be transformed away and fragment momenta p; due to laser-induced
breakup respectively their distributions are then given within the center of momentum frame of the initial particle
which has the momentum, P, = MV,

Typical measurement results that are then compared to models on the fragmentation process are momentum
differential cross-sections or rates for fragmentation channels of interest. In other words, the measurements
provide distributions or spectra, i.e. number of events as function of final fragment momenta p; or quantities that
can be calculated from it. Examples are photoelectron momentum distributions (PMDs) or kinetic energy release
spectra (KER spectra). In most cases, modeling of the laser-induced fragmentation processes is typically concerned
with the microscopic domain only. In order to compare to experimental results, theoretical results should be given

as function of asymptotic momenta, i.e. when t — oo.

3.2.2 Semi-Classical Picture on Light-Matter Interaction and Definition of the Laser Field

It is well known that a rigorous description of light-matter interaction requires quantum electro dynamics. For
the wavelength/photon energy range (0.5 - 2.5 pm; 2.5 - 0.5 eV;0.092 - 0.018 a.u.) that are relevant here however,
the photon densities are comparatively high already at low intensities. Thus, it is reasonable and common to use
the semi-classical picture of the light matter interaction where the light field is treated classically based on

Maxwell’s equation and the atoms and molecules of the target are treated quantum mechanically [74]. A
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consequence of this approximation is that there are - strictly speaking - no photons involved in the interaction as
the classical description of the light field doesn’t support this concept. Further, as the typical gas phase targets
contain only a few particles, the effects of the target on the light field respectively on its propagation, i.e. absorption,
dispersion, and so on are neglected.

Within the semi-classical picture of light matter interaction, the laser field is governed by Maxwell’s equation and
can be expressed as E(g,t) = —Vo(o,t) — d;A(o,t) and B(g,t) =V X A(e,t), using the scalar ¢(g,t) and the
vector potential A(g, t) [74]. Atomic units are used unless stated otherwise. In the Coulomb gauge, VA(g,t) = 0, one
sets ¢(go,t) = 0, such that A(g, t) full-fills the wave equation, i.e. V2A(g, t) — 024(0, t)/c?dt? = 0. The solution can
be expressed as A(o,t) = —A, (0, t)esin(ko — wt + £(t)) using the amplitude A, (t), and the vector, &, of the linear
polarization. The wave vector is k = we,/c, where w denotes the angular frequency, and é(t) an in general time-
dependent phase that is related to the time-dependent evolution of the phase of the pulse such as e.g. chirp. The
polarization vector and the wave vector satisfy, ke = 0, for transversal waves. For £(t) = const, the corresponding
electric field is E(o, t) = Ey(0, t)ecos(kg — wt). It has an amplitude of E,(@,t) = wAy (@, t), which is approximately
|k| = w/c times larger than the related magnetic field, B(g,t) = Ey(0,t)w 2 (k X £) cos(ko — wt) . B(o,t) is
approximately hundred times smaller due to scaling of it's amplitude with 1/c and thus, only E (g, t) is taken into
account.

Independent of the exact temporal evolution of E(g, t), a short laser pulse must be a traveling wave that has no
direct-current components, i.e. no components with zero frequency. Thus, it fulfills f_oooo E(o,t")dt' = 0 and hence,
the vector potential satisfies, —A(@,t = ) + A(@,t = o) = const, which is consistent with choosing, const = 0. As
typical target particles (atoms, ions, molecules) are a lot smaller than the wavelength of the laser, the spatial
dependence of the vector potential is dropped, which leads to A(g, t) = A(t), and similarly E(g,t) = E(t). The time-

independent, real amplitudes are approximately related by 4, = — E,/w.

3.2.3 Classical Mechanics of a Two-Particle Breakup in a Laser Field

As one shall see later, the field of strong-field laser-matter interaction uses classical mechanics of charged particles
in external electromagnetic fields to a large extend for interpretation and also for modeling and simulation of the
fragmentation dynamics with the goal to maximize insight and to develop simple and intuitive models about the
interaction [11] [12]. Here, we use classical mechanics to illustrate and summarize relevant conservation laws and
approximations that are employed in experimental setups for momentum spectroscopy of laser-induced
fragmentation processes. The illustrative consideration is done for a two particle breakup in an external field. More
complex breakups, e.g. three or multiple particle breakups might be considered as a series of two-body breakups
and could be discussed on a similar basis. Clearly this makes the problem more complex. Here we focus on the
example of a two-body fragmentation. Atomic units are used unless stated otherwise.

The Lagrangian, L = T — U of two particles of masses, m,, m,, and charges g4, q,, that interact via the potential, U,

in the time-dependent external laser field E(t) with the vector potential A(t) is
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L(ry, 7y, 7y, 1,t) = %mﬂ'"% + %mzf% + @171 A(8) + q,12A1) — U(L, [ry — 12)). (3.2)

The positions and velocities of the two particles are ry, r,, 74,15, T is the kinetic energy, the expression q,7,A(t) +
q,17,A(t) is the potential energy of the charged particles in the laser field and U(t, |r; — r,|) is the potential of
forces, which act among the fragments. The potential, U(t, |[r; — 1,|), has been made explicitly time dependent in
order to emphasize that for the classical description used here, the internal forces might start to act among the
fragments starting from a certain breakup time, t > t;, while they might be neglected before t < t;, i.e. U(t <
ty, |11 — 1r3]) = 0, during the time when the particles are considered as a single particle. As one shall see later,
calculation of time-dependent probabilities for this transition together with probabilities for initial conditions at ¢,,
are subject to quantum mechanical models of the fragmentation process, e.g. tunnel ionization. Further, U is
assumed to depend on the distance between both particles, r = |r| = [r; — 1|, only. The field is modeled as a
classical field as discussed in the previous section.

Introducing the relative coordinate, r = r; — r,, and center-of-mass coordinate X, = (m;ry + myr,)/(m, +
m,) together with the total mass M = m; + m, leads to the back transformations, r; = X, + rm,/M and r, =
X, — rm, /M with the corresponding velocities, i, = X, + ¥m,/M and #, = X, — im, /M. Plugging those into
(3.2) and introducing the reduced mass, p = m;m,/M = mym,/(m, + m;), as well as the total charge Q = q; + g,

yields
L. 1 oo 2 R 1 . 2 u Hy .
L(r R iR t) = = MX%," + QXomA(t) + = i + (q1 g —) FA(E) — Ut 7)) (33)
2 2 my m,

In (3.2), the relative motion, i.e. the motion along r is separated from the center of mass motion along X,
By application of the Euler-Lagrange equation, i.e. d(aL/aqj)/dt - (aL/aq,-) = 0, of the second kind together

with —dA(t)/dt = E(t) one arrives at the equation of motion,

d oL oL _d (MX + A(t)) 0 - MX LA = 0E(®) 3.4
e T = — = el = —U— = .
dt axcm axcm dt cm Q cm Q dt Q ) ( )

for the center-of-mass coordinate X_,,. It reveals that the canonical momentum C(t) = MX,,, + QA(t) is conserved
for all times.

Integrating (3.4) over the time interval between t, and t, yields MX_,, = Q[A(t,) — A(t;)]. Choosing t; = —co
and t, = +o and combining this with the fact that the electric field is a traveling wave, i.e. the field fulfills
fjooo E(t")dt' = 0 which leads to A(o) — A(—) = const, illustrates that the laser field doesn’t change the initial
momentum of the center-of-mass motion, ie. Py = MX,,(t = —0) = MX,,,(t = ©) = MV, is a constant.
Consequently, a kinematic complete measurement, i.e. a measurement where the momenta of all [ fragments are

measured fulfills the condition,
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As examples for a kinematic complete measurements, we mention single ionization of atomic hydrogen or any other

atom, i.e. H - H* 4+ e~ where the momenta p},+ and p;- are measured, or dissociation of HS, i.e. Hf - H* + H

where p,+ and py are measured.

As indicated, the property (3.5) of the laser-induced fragmentation is not limited to two-body fragmentation but

is also valid for multiple particle fragmentation. It is regularly exploited in measurements in several ways.

i) A kinematic complete measurement can be used to characterize the distribution of initial velocities V

respectively initial momenta MV, in the target. The idea is realized in section 5.2.1 where a kinematic complete

measurement of dissociation of Hy is used to determine the initial momentum spread of the ion beam target

in the ITRIMS setup.

The second aspect is relevant if the initial momentum spread in the target is well controlled and known, i.e. if

MV, = 0 or MV, = const are justified approximations. This is the case for a cold target which is, e.g., produced

using supersonic gas expansion techniques in a typical COLTRIMS apparatus. For an ITRIMS setup this is only

possible if the velocity and the collimation of the ion beam target is very well controlled [14] [21] [15] [75].

a)

b)

One can use the knowledge of MV, = const or MV, = 0 as condition for coincidence filtering in
kinematic complete measurements. This approach is able to reduce false coincidences [14] [21] [15]
[75] and is used to increase the signal to noise ratio in measurements dramatically.

Further, if MV, = const is well known and combined with a kinematic complete experiment, the
achieved momentum resolution is limited by the precision of the measurement of impact time and
impact position together with the spectrometer geometry only. It is then not or only weakly blurred by
the fact that the measured momentum distributions are a convolution between the distribution of p,
(the momentum gained during laser-induced fragmentation) and the distribution of initial momenta in
the target py; = Vym,, remember p; = p; + po; = p; + Vymy, i.e. equation (3.1).

One can use ii) to reduce the number of measured fragments as writing (3.5) for a two-body
fragmentation illustrates. Consider, p; + p5, = p; + m{Vy + p, + m,Vy = (my + my)Vy = MV, if MV,
is known, e.g. MV, = 0, one can write, p; = —p,. Thus, measuring p,+ for e.g. the reaction H - H* +
e~ is sufficient and p.- can be inferred. Measuring the heavy fragment, i.e. the so-called recoil ion
(remember the name Cold Target Recoil lon Momentum Spectroscopy), instead of the electron is
beneficial for the achieved momentum resolution as its smaller velocity leads to larger TOF on the order
of microseconds instead of nanoseconds for the electron. In addition, it is simpler to distinguish desired
signals from signals that stem from ionization of the background gas because the produced target ion
has typically a specific g/m ratio in contrast to electrons which cannot be distinguished. Another
example are COLTRIMS measurements where neutral fragments that are typically not detected are
involved, e.g. H, > H* + H. The momentum of H* is measured and the momentum of H is inferred. The
scheme can also be applied to more complex situations, e.g. ionization of Hf - H* + H* + e~ where
one measures the momenta of the two protons, p; and p, and uses p, + p, = —p. to infer the

momentum of the electron p,. This idea is used in section 5.2.1.
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After this discussion on consequences of the conservation law (3.5) and their relevance for typical experimental
setups, we turn to the equation of motion for the relative coordinate r next. Application of the Euler-Lagrange
equation for this coordinate yields,

doL dL d [ | m I _ 0
Eﬁ—a—a<ur+(qla—qzm—z)ﬂt))— FLACLY))

d U u\ d
¥ = —— — _——g,— | — 3.6
THT or e Irl) (ql my 2 m2> th(t) (3.6)

bt = = 0D + (02— 0, ) ),
The firstline in (3.6) illustrates that the quantity (u# + (q;u/m; — qop/m,)A(t)) is affected by internal forces such
as Coulomb forces or dissociative forces that occur among the fragments. They are represented by the term
—aU(t, |r|)/0r. However, if these forces are small for the relevant values of ||, e.g. for large distances, they can be
neglected, —aU(|r|)/dr ~ 0. In this case, c(t) = (ui + (q1p/my — q21t/m,)A(L)) is conserved.

Next one can integrate between two times t; and t, and finds ur = (q,u/m; — q.u/my)[A(t,) — A(ty)] + ur,.
ury = u(iqy — 150) is the initial relative momentum at the time ¢;. Identifying t; with the time of the breakup t; =
t, in the laser field and t, = +co0 with the time of the measurement at the detector when A(o) = 0 yields an
approximation (because —dU(t, |r|)/0r = 0 is used) for the relative momentum that is measured ur = —(q, 1/
my — qou/m;y)A(t,) + pi,. If one uses the back transformations # = (¥, — X )M/m, and (=7 + Xn ) M/my = 7

approximate expressions for the asymptotic momenta of the two fragments are found,

. m; my mm, . .
my () = —A(t,) (‘hﬁ —q; ﬁ) + M 7o + My X ()
(3.7)
) m m mym, .
maiy(0) = +A(t) (01 77 = 42 37) = 37— Fo + M2 Kem (02).

Performing a short consistency check by summing my#(0) 4+ m,#,(0) = My X () + myX () =
MX_,(0) = MV, illustrates again that the laser field doesn’t change initial momentum.

Let us investigate (3.6) and (3.7) for a few examples in detail next.

i) For ionization of atomic Hydrogen, i.e. H > H* + e~ (M = 1837,Q = 0,my+ = 1836, qy+ = +1, q,- = —1,
me- = 1) with the assumption, i, ~ 0. One finds, p,+ = m;i () = —A(t}) + 1836X,,,() and p, =
m,t,(o0) = A(t,) + 1R(0). Comparing the corresponding kinetic energies for a cold target, i.e. X () =
V, =~ 0 and typical values for the field strength, E, = 0.1 (I =~ 3.5 10** W/cm?), respectively the vector
potential 4, = — E,/w ~ 1.75 at a center wavelength of 2 = 800 nm - w = 0.057 gives T+ = A%/2my =
E2/2myw? = (0.1/0.057)2/2-1836 ~ 103 a.u.~ 0.01eV and T, = A2/2 = E2/2w? = (0.1/0.057)%/2

Q

Q

1.54 a.u. = 41 eV. Comparing the numbers shows that the kinetic energy of the ion is approximately 1/my
1/2000 smaller. It reflects that the electron has an a lot smaller TOF until it hits the detector.

ii) Considering dissociation of Hf, i.e. Hf » H* + H (M = 3673,Q = 1,my+ = 1836, qy+ = +1,q4 =0, my =
1837 ) using the same scheme reveals an interesting aspect, for X, () =V, = 0 respectively after
transformation to the center-of-momentum frame, it gives py+ = —A(t,)(1836/3673) =~ —A(t,)/2 and py =
+A(t,)(1836/3673) ~ +A(t,)/2. This momentum Kick occurs in addition to the momentum kick from the

30



Momentum Spectroscopy of Laser-Induced Fragmentation Processes

internal dissociative forces. Compared to them, it is small for 800 nm but it is expected to become relevant if
dissociation takes place in a very long wavelength field.

iii) As it is relevant in chapter 5, ionization of Hj, i.e. Hf > H* + Ht + e~ (M =3673,Q = 1,my+; = My+, =
1836, qu+, = qy+, = +1, q, = —1, m, = 1) is studied as second example. It is the prototype of multiple
breakup and the effect of internal potential can be studied. Again, R(o0) = V,, = 0 is used. First, separation of
the electron from the two protons gives, p, = —A(t,)(—3672/3673 —2-1/3673) ~ +A(t,) and p, =
+A(t,)(—3672/3673 —2-1/3673) = —A(tp). For this breakup, p, can be inferred p, = —(p, + p,) from the
two proton momenta, p; and p,. Because of the sudden removal of the electron, the two protons start to
separate at the same time. It can again be analyzed within the frame of (3.6). Both particles have the same
charge, g; = g, = +1 and mass m; = m, = 1836 and the total mass is M = 3672. Consequently, the factor in
front of dA(t,)/dt is zero, i.e. (g u/m; — qo1/m;) = 0 (u = my+/2, now). Thus, no momentum kick from the
field occurs for the breakup of the protons. The situation would be different if both heavy fragments, would
not have the same mass e.g. for HD*. Among the protons, only the term —dU (¢, |r|)/dr = —1/|r| occurs in the
equation of motion in (3.6). With r being the distance of the two protons one has the equation of motion, ui* =
—1/|r|? now. The energy W is conserved such that, W(¢t,) = T(t,) + U(t,) = T(o0) + U(0) = W () can be
used to calculate the asymptotic relative momentum at the detector when r(o) — oo. It is W (t,,) = ui?/2 +
1/|r| - () = i\/m from which follows u# ()% /2 = W (t,). An estimate for the total energy at t,, is
W(tp) = uié/2 + 1/|r(tp)|. Assuming ui3/2 ~ 0, one can estimate the distance, |r(t,)|, based on the
measured momenta of both protons p; and p, by equating, (p; — p,)?/2my+ = my+1(0)?/2 = ur(©)?/2 ~
1/|r(tp)|. The initial condition for the angular momentum has been assumed to be zero.

iv) Expressions (3.7) further reveal that the effect of the initial momentum on the measured momentum depends
on the fragment mass, i.e. m,i; (00)~m; X, (90) = m,V and m,i,(00)~m,X ., (00) = m, V. This connection
allows to estimate the effect of an initial momentum spread, e.g. due to the target temperature, on the final
momentum resolution in dependence of the fragment mass. Modeling the initial momentum/velocity
distribution in the target as an ideal gas by assuming a Maxwell-Boltzmann distribution yields a spread of o =
JksT/M for initial velocities in the target. For e.g. Xenon (Xe) atoms with a mass M ~ 131 - 1.660 1027 kg =

2.3810°a.u. and initial charge Q =0 at room temperature t7=300K this is |v,]=

J/1.38- 10723 -300/(131-1.660 - 1027) ~ 138 m/s ~ 10~* a.u.. Thus, Xe* ions after the breakup would
have a final momentum of py.+ = A(t,) + M|v,|e, = A(t,) + 15e,. Thereby, 15e,. points into every direction
and follow the Maxwell-Boltzmann distribution. The electrons however, would have p,- ~ —A(t,) + 107* e,..
Comparing the initial momentum to the momentum Kkick from field for the mentioned typical values of E;, =
0.1 and |A(¢t,)| = 1.75 at 800 nm shows that the effect of the initial velocity is small for the electron but
dominant for the ion. In other words, the momentum kick from the laser field is a small change of the
momentum of the ion on top of the wide initial momentum distribution. But for the electron, it is a big change
on a narrow initial distribution. Consequently, measuring the ion requires cooling or a kinematic complete
experiment while the electron momentum distribution can be measured with high precision without such
efforts. This is the reason why a VMIS can be operated without cold target if photoelectron momentum

distributions are measured.
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Equation (3.7) also establishes a connection between the measured fragment momenta and the vector potential
at the time of the breakup in the field. Thus, measured momentum distributions contain within some approximation
information on the time-dependent shape of the electric field. This aspect is regularly used in COLTRIMS-like
momentum spectrometer to characterize or estimate properties of the electric field, see e.g. the [76] [77] [78].

The detailed discussion of classical mechanics of a two-particle breakup dynamics inside a laser field revealed and
illustrated several aspects that are regularly employed in measurements on momentum spectroscopy of laser-

induced fragmentation processes. Next, central points which are relevant for this thesis are summarized.

3.2.4 Conclusion of Kinematics in Laser-Induced Fragmentation Setups

The review of classical mechanics of a two-particle breakup in a laser field in detail revealed several aspects which

are exploited in the later chapters. This list summarizes the most relevant ones.

e A measurement where the momenta of all fragments are measured (kinematic complete measurement)
can be used to characterize the momentum spread or temperature of the target. An example for this is
the reaction Hf — H* + H where p,+ and py are measured. Momentum conservation states that p;; +
P+ = (my + my+)V, with V being the initial velocity of the target particle before fragmentation. This
aspect is exploited in 5.2.1 to determine the momentum spread of the ion beam target.

e If the momentum spread of the target is well characterized, then this information can be used to infer
the momentum of a fragment which is actually not detected, e.g. for Hf - H* + H* + ¢~ one can
measure p,, p, and infer p, exploiting momentum conservation p; + p, = —p,.. This is used in section
5.2.1.

e For a breakup with one heavy, e.g. a proton, and one light fragment, e.g. an electron, the light fragment
takes most of the energy from the kick of the laser.

e The measured fragment momenta contain information about the interaction potential, U(t, |r|), which
is present among the fragments. If the interaction potential is known, information on fragmentation
coordinates can be extracted.

e For the measurement of photoelectron momenta, the initial momentum spread due to e.g. the target

temperature is negligibly small compared to the energy which is gained from the laser-induced breakup.

Having summarized, we turn to the details of the fragment momentum spectrometers which are used for our
measurements. In the next subsections, details of the Velocity-Map Imaging Spectrometer (VMIS) which has been
used to measure photoelectron momentum distributions (PMDs) after strong-field ionization of Xenon are
summarized. Afterwards, we turn to a short introduction on the setup for lon Target Recoil lon Momentum

Spectroscopy (ITRIMS).
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3.3 Velocity-Map-Imaging Spectrometer

The Velocity-Map-Imaging (VMI) spectrometer setup which is used in this thesis, is introduced by comparing it to
recent trends in the field VMI spectrometer development. Details of the measurement procedures which are used
acquire photoelectron momentum distributions (PMDs) are given later together with experimental results in
chapter 3.5 where the off-axis low-energy structure in strong-field photoionization is investigated experimentally

and theoretically.
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Figure 3.2: Sketch of the used velocity map imaging (VMI) spectrometer (VMIs)

Chief components are coded in color. Distances are given in mm. The chief components, electrostatic lens system,
drift tube and detections of a VMI spectrometer are marked by the colors, i.e. electrostatic lens system (blue),
drift tube (green) and detection system (orange). The electrostatic lens system consists of three electrodes,
repeller (R), extractor (E) and ground (G) here and is used to accelerate charged particles from the red-marked
interaction volume towards the detector. Thereby, particles with the same velocity are focused such that they
reach the detector at the same time-of light and position. The whole apparatus is part of a vacuum chamber
which the laser beam enters and exits through windows. Typically, the apparatus is implemented as a rotational
symmetric object with the dotted horizontal line being the axis of rotational symmetry. The laser propagates into

the drawing plane. The illustration is similar to [67] [45].

Velocity-Map-Imaging spectrometers (VMIs) are a very flexible method to measure three-dimensional momentum
distributions (differential fragmentation rates) of photoions and photoelectrons [65] [66]. The spectrometer relies
on using an electrostatic lens system to project charged particles that emerge from an interaction region onto the
same position on a two-dimensional detector, if they have the same momentum. Afterwards an Abel inversion is
applied in order to retrieve the three-dimensional momentum distribution from the measured two-dimensional
projection. Due to the necessity of Abel inversion rotational symmetry is required for the applicability of the
method. Thus, it has been limited to linear polarization in its original version due to the lack measurement or
discrimination of the TOF. Combination with position- and time-sensitive detectors as well as high-voltage
switching technology enable TOF measurement. Thus, modern VMIs have matured to coincidence momentum
spectroscopy machines very similar to COLTRIMS, [79] [80]. Without time-sensitive detector, it is possible to extend

VMI to light with arbitrary polarization state using tomographic reconstruction methods [81] [82].
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A sketch of the used VMIs is shown in Figure 3.2 [45] [67]. The design is pretty simple and very similar to the
original design [65]. An electrostatic lens system accelerates charged particles from the red-marked interaction
volume towards the detector where a combination of a micro-channel plate and phosphor screen assembly converts
the electron signal to fluorescence light whose intensity distribution is then observed by a camera. The intensity of
the fluorescence is proportional to the number of charged particles that impact on the detector. The ionizing laser
is linearly polarized with its axis aligned such that it lies in the plane of the paper and parallel to the detector surface.
Rotational symmetry is fulfilled around this axis. Thus, algorithms for Abel inversion, e.g. [66], can be used to
retrieve three-dimensional photoelectron momentum distributions (PMDs) from the measured projections. Cooling
of the gas target is not necessary as the initial electron momentum is negligibly small compare to the momenta
gained from the laser-induced breakup, see section 3.2.3.

In order to ensure detection of fluorescence signal with low noise and high-dynamic range, the images are
recorded using a (12-bit) camera from “QImaging” which is equipped with a proper lens system that images the
phosphor screen onto the camera chip. Depending on the sign of the repeller voltage, projections of the momentum
distribution of photoelectrons or photo ions can be measured. Measurements are taken in the way that the laser is
continuously producing, e.g. electrons, in the interaction volume at the repetition rate of the laser while the camera
is recording the intensity profile with an exposure time that is very long compared to the repetition rate of the laser,
i.e. several seconds up to half an hour. Combination of several acquisitions with different exposure times to a high-
dynamic range image is used to increase the dynamic range in the measurement. In this way, even faint structures
such as rescattered electrons can be detected. Details of the procedure can be found here [68] [45].

Under optimal imaging conditions for photoelectrons, energies up to 80 eV are detectable at the energy resolution,
which is better than = 1% over the entire energy range. This is achieved for a repeller voltage of V; = 10 kV and a
ratio of 0.805 for the ration between repeller and extractor, V;/V; = 0.805, while V/;; is set to V/; = 0. The highest
detectable electron energy is limited by the size of the detector of 40 mm in diameter and the maximum applicable
repeller voltage. Applying a lower V; and scaling the extractor voltage accordingly allows to observe a smaller
energy range with improved energy resolution much like zooming into the PMD.

The spectrometer function, E = a - Vg - r% - (eV/kV mm?), connects the electron energy with the position of the

detector. Thereby, r = \/m, is measured from the center of the phosphor screen. The energy calibration
factor, a, has been found to be a;;, = 0.02068 from theoretical simulation of the electron trajectories [67]. However,
an experimental determination of a which uses the equal spacing of the energy position of above-threshold
ionization peaks generated by 400 nm laser pulses yields a.,, = 0.01713. This calibration of the energy has to be
repeated if another repeller voltage is used. The experimentally determined factor is used to convert the detector
positions into velocity and momentum or electron energy respectively.

Several examples for the measured PMDs using described mentioned VMIS can be found in chapter 5 where an
off-axis low-energy structures in above-threshold photoionization are investigated experimentally and

theoretically.
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3.4 Ion Target Recoil lon Momentum Spectroscopy (ITRIMS)

Next, the Ion Target Recoil lon Momentum Spectroscopy (ITRIMS) setup, which is used to investigate strong-field
photoionization of H5 in chapter 5 is introduced by comparing it to a standard COLTRIMS setup first in section 3.4.1.
Properties of the ITRIMS, which is operated in Jena, are summarized as an overview in 3.4.2. Details of measurement
procedures and relevant experimental effects are detailed in chapter 5 where experimental and theoretical results

of strong-field photoionization of Hj by strong infrared laser fields are presented.

3.4.1 Cold Target Recoil lon Momentum Spectroscopy (COLTRIMS) and Ion Target Recoil lon Momentum

Spectroscopy (ITRIMS)
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Figure 3.3: Comparison of a setup for standard “COLd Target Recoil lon Momentum Spectroscopy (COLTRIMS)” [62] with the

setup for “lon Target Recoil lon Momentum Spectroscopy (ITRIMS)” used here.

A comparison between a standard COLTRIMS setup and the lon Target Recoil lon Momentum Spectrometer
(ITRIMS) used in the measurement in this work is shown Figure 3.3. In COLTRIMS, a neutral gas-phase target with
small initial momentum spread (cold) is placed inside a spectrometer where electric and magnetic fields are used
to steer charged fragments from the interaction with the laser towards position- and time-sensitive detectors,
typically so-called delay-line detectors (DLD-detectors). Measuring the fragment’s impact time and position at the
DLD-detectors, together with knowing the spectrometer properties (geometry, distances) and the spectrometer
settings (field strengths), allows back calculation of the vector momenta at a time shortly after the interaction with
the laser pulse when the fragment is located in the focal region of the laser. Thereby, the small initial momentum
spread of the target is very beneficial as it allows one to use the assumption of zero initial momentum in many cases.
As neutral fragments don’t react to electric and magnetic fields only the momenta of the charged fragments are
measured in most cases.

The ITRIMS setup uses the same principle as COLTRIMS. However, a beam atomic or molecular ions with an
initial kinetic energy of several keV, E}.qm = Pieam/2m, is used as the target. Having an energetic ion beam instead
of cold neutrals changes a few aspects of the setup. (i) The high initial beam velocity enables detection of neutral
fragments, which can typically not be detected in COLTRIMS. (ii) The ion beam density is on the order of 10* to 10°

less dense than a typical cold gas target, which makes measurements with good statistics challenging. (iii) A
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combination of (i) and (ii) causes significant issues for the detection of electrons in coincidence with the heavy
fragments, i.e. ions and neutrals. (iv) As compared to the COLTRIMS cold jet, the initial velocity of the ion beam
target of the ITRIMS, typically leads to a larger initial momentum spread. It leads to a blurring of experimental
results, if the momentum of one of the fragments is inferred based on momentum conservation.

Presently a few implementations of ITRIMS world-wide combine the ultra-fast intense laser pulse technology with
recoil ion momentum spectroscopy. An overview over existing experimental techniques and setups is given in [21]
[70]. Besides contributions from the group of Gerhard G. Paulus from Jena, main groups contributing in this field
recently are from Kansas State University around Itzik Ben-Itzhak and from Frankfurt around Reinhard Doérner.
Particularly, noteworthy is the setup used in the Dérner group recently [83]. In this setup, also the momentum of
the electron after strong-field ionization of a beam of H; molecules has been detected in coincidence with the two

proton fragments.

3.4.2 Ion Target Recoil lon Momentum Spectroscopy (ITRIMS) in Jena

A sketch of the ITRIMS setup is shown Figure 3.4. The grey cylindrical tube in the center of the figure which
contains several colored elements with labels as small letters (a-0) represents the ultra-high (P < 10~ mbar)
vacuum chamber. Starting from the ion source, (a) to (m) label components that are responsible for creating a well
collimated beam of atomic or molecular ions, which crosses the laser beam at angle of 90 degrees in the interaction
region between the blue plates with the labels (m) and (n). The microchannel-plate delay-line detection system can
be found further to the right at the label (o). Elements outside the tube with (1) to (7) illustrate the optical
components of the setup.

Creation of atomic or molecular ions is done using electron impact ionization in an electric discharge within a
Duoplasmatron ion source (a). This source facilitates creation, extraction and acceleration to kinetic energy of
several keV. Afterwards an Einzel lens (b) (arrangement of static electric fields) and a deflector (c) collimate and
steer the ion beam through the chamber. The differential pumping stage (d) separates the section for ion generation
with higher pressure from the region with lower pressure in the rest of the apparatus. Another set of a deflectors
(e) and an Einel lenses (f) guide the beam through a Wien filter (g). It enables the selection of a desired q/m-ratio
such that measurements with different isotopologues, e.g. Hy and D, are possible. At the same time, the Wien filter
acts as a filter for the velocity of the ion beam. Afterwards, the Einzel lens (h) and deflectors (i)-(k) steer the beam
through apertures with an adjustable size, (1) and (m), which are used to limit the initial momentum spread of the
beam along its transversal direction, and are thus, important for the achieved momentum resolution. The
interaction region lies inside an ion spectrometer (n). Together with an additional transversal static electric fields,
itensures separation fragments with different charge and mass in time and space on the position and time- sensitive
detector (0). A faraday cup shortly before the detector prevents the detector from being illuminated by the ion beam
directly, see Figure 3.4 b) also.

The optical setup facilitates controlling of the intensity using a motorized half-wave plate (1) (appendix A1), a
germanium plate that acts as reflective polarizer (2) and a high-contrast transmittive polarizer (3). The high-
contrast polarizer ensures that the direction of the linear polarization in the target remains constant while rotating

the half-wave plate controls the intensity. The laser beam enters the chamber through a vacuum window after
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focusing with an off-axis parabola, (4), and exits it through a second vacuum window and after the interaction with
the ion beam. At the exit, beam splitter (5) sends one fraction to a photo diode (7), which provides the trigger for
detecting of the time-of-flight signals, that the basis for reconstruction of the fragment the. The other fraction of the
laser beam hits the head of a every single-shot energy meter (6). It delivers a value for the energy of every single
laser shot, L, which is save together with all other measured data. Together with characterization of the focal spot
and pulse duration the values is used to tag the pulse energy respectively the peak intensity for every single laser
shot.

The measurement principle for determination of fragment momenta is illustrated in Figure 3.4 b). Strong-field
fragmentation of HJ is used as an example but also other target species can be used in a similar manner. The ion
has an initial velocity parallel to the z-axis of the coordinate system and travels from the left to the right. The focused
laser beam comes from the top and goes to the bottom. It crosses the ion beam at the position where the purple
ellipse with the two red circles are drawn. The purple ellipse with the two red circles is representative for the
constituents of the Hf molecule, i.e. one electron, (e) (purple ellipse) which is shared by two protons (p) (red
circles). Depending on whether the laser ionizes or dissociates it, the molecule breaks up into an electron and two
protons, Hf - e~ + H* + H*, with the momenta, p,, p, and p, or into a hydrogen atom and a proton, Hf —» H +
H* with momenta, py, ,. Due to the intensity distribution in the volume, both reactions occur simultaneously

during the experiment and thus, the particles and momenta of both reaction channels are detected.
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Figure 3.4: ITRIMS setup and illustration of momentum detection scheme for the case of ionization

a) ITRIMS setup. Letters label elements of the ion beam apparatus while numbers label the optical components of the setup,
see text for the details. a - Duoplasmatron ion source, b - Einzel lens I, c- deflectors I, d - differential pumping stage, e -
deflectors II, f -Einzel lens 11, g - Wien filter, h - Einzel lens III, i to k - deflectors III, | - aperture I, m - aperture II, n - ion
spectrometer, o - detector, p -trigger-diode, 1 - 1/2-plate, 2- Ge-plate, 3-High-contrast polarizer, 4-Off-axis parabola f=15 cm,
5 - beam splitter,6 - energy meter b) Detection scheme. The ion beam comes from the left an crosses the laser beam at an
angle of 90 degrees. Due to the initial velocity of the ion beam, the fragments form the laser-ion interaction continue to fly
towards the position and time-sensitive delay-line detector. Created photo electrons, however are too fast which is related to
large deflections angles. Thus, they are not detected. (e) - electron, (p) - protons, F-cup - faraday cup to block direct exposure

of the detector by the ion beam.

Figure 3.4 b) is drawn for the example of ionization. The protons hit the detector at the positions, x;, y; and x,, y,
after the time-of-flights, tof; and tof,, after the laser has triggered the measurement by arriving at the trigger diode

at the time t,. Measurement of the corresponding quantities for dissociation is done analogues. The measured
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quantities, x,, y; and x,, y, as well as tof; and tof,, are the basis for the backcalculation of the momenta at the end
of the laser pulse, [21] [70] [69]. In contrast to the heavy fragments such as protons, atoms or ions, free electrons
with the momentum, p,, which result from the interaction between ion beam and the strong laser are too fast to hit
the detector and cannot be detected in this setup. In addition, it is challenging to distinguish electrons from
ionization of the background gas from ionization of the ion target due to the low density of the ion beam, see [83].

Data acquisition uses an 8-bit analog to digital converters (ADC) from “RoentDek”, Frankfurt which is read out
and controlled by a personal computer using the software “Cobold” (“RoentDek”). The whole MCP-DLD system
including fast ADC electronics achieves a spatial resolution of better than 100 pm and a temporal resolution of better
than 100 ps for the measurement of impact position and TOF (RoentDek). “Cobold” is used during the measurement
for optimization as well as for saving the raw data after some preliminary filtering. Calculation of the three-
dimensional momenta from the measurement of positions TOFs as well as the application of coincidence conditions
to filter the data from noise or for specific events is done using “MATLAB” after exporting the raw data from
“Cobold”, see [21] [70] [69].

The final result of the measurement are two lists of triples, {p;, p2, L};, of i identified valid ionization and k
dissociation events, {py+, Py, L}, Each of the triples contains momenta of the two protons, p,, p, for ionization
respectively of a H-atom and a proton, py+, py, for dissociation as well as the corresponding value of the peak
intensity, L, which got calculated using the tagged laser energy together with characterization of the focal spot and
pulse duration. All momenta are given within the center of momentum frame of all dissociation events. The linearly
polarized laser is aligned parallel to the x-axis of the coordinate system. Calculation of one or more dimensional
distributions and spectra using MATLAB enable the analysis of differential ionization or dissociation rates.

An example of projected two-dimensional distribution of ionization and dissociation events is shown in Figure
3.5. In the plot, a histogram of ionization and dissociation events is shown together as a projection in the plane of

the linear polarization.

p,orp, (a.u.)
e 3 8

=N
o

-20

dissociation

-30
p, or p” (a.u.)

Figure 3.5: Illustration of typical measurement result for fragmentation of Hf by a strong laser field

The figure shows a two-dimensional histogram of events after strong-field fragmentation of a Hy ion beam target. A
projection into the p, — p,-plane, i.e. in the plane of the linear polarization of the laser, is shown. The polarization of the laser
is parallel to p,. Ionization events have large momenta, i.e. larger kinetic energy realease (KER) than dissociation events.

Thus, they are found in the outer region of this plot while dissociation events are found in the inner region.
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To summarize, COLTRIMS allows to perform momentum spectroscopy of charge fragments (neutrals are not
detected) including electron and ions which result from laser-induced fragmentation processes starting from cold
neutral gas jet targets with high density. The ITRIMS setup enables investigation of strong-field laser-matter
interaction starting from ion targets. Due to the initial velocity of the ion beam, detecting electrons in coincidence
with ions is challenging and typically not done. However, the initial velocity of the ion beam enables detection of the
neutral fragments, which is typically not the case in COLTRIMS setups. Both measurement setups, ITRIMS and

COLTRIMS, are complementary techniques.

3.5 Conclusion and Outlook

In this chapter, we have discussed momentum spectroscopy of laser-induced fragmentation processes by
reviewing classical kinematics in setups for momentum spectroscopy of laser-induced fragmentation processes
first. The consideration could reveal several aspects which are relevant for the experimental setups of the Velocity-
Map-Imaging (VMI) spectrometer and for the Ion Target Recoil lon Momentum Spectroscopy (ITRIMS). Both setups
are used to investigate strong-field photoionization atoms and ion in the following chapters.

For future work on the VMI and the ITRIMS setups in Jena, presently a VMI spectrometer which enables the
measurement of higher photoelectron energies is under construction. The ITRIMS setups is routinely operated with
atomic or molecular ions as targets, some approaches for, e.g. reduction of the measurement time in section 5.2.3 of

chapter 5.
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4 Off-Axis Low-Energy Structures in Strong-Field Photoionization

4.1 Introduction and Outline

Since the observation that an atom exposed to intense fields can absorb more energy than necessary for ionization
above the single photon threshold [1], i.e. so-called above-threshold ionization (ATI) in 1979, experimental and
theoretical work has revealed several remarkable features of strong-field photoionization (SFI) of atoms. Without
the aspiration of giving a complete list, early examples are the observation of ponderomotive effects [84] and the
discovery of the plateau at high photoelectron energies [2]. More recent examples are frustrated tunneling
ionization [5], carpet-like patterns in the photoelectron momentum distribution (PMD) close to right angle to the
polarization [85]. For comparatively long wavelength, the so-called low-energy structures (LES) [9] [34] and
spiderlike interference features, which are interpreted as holograms [86] [87] [88], as well as features at very low
[89] and even practically at zero kinetic photoelectron energy [35] caught the attention of researchers. Also,
applications of SFI have matured over the past almost 40 years, e.g. a stereographic analysis of the PMD at high
photoelectron energy emitted in narrow cone around the polarization axis of the linearly polarized laser is regularly
used for single-shot measurement of carrier-envelope phase (CEP) and pulse duration of few-cycle laser pulses. If
SFI is done using laser fields with short-wave infrared (SWIR) wavelength, the analysis of the PMDs at high
photoelectron energies can be used to extract electron-ion scattering potentials for atoms [90] using so-called laser-
induced electron diffraction (LIED) [32]. Application of LIED to SFI of small, aligned molecules recently
demonstrated time-resolved imaging of bond-breaking dynamics in small molecules [33].

Here, we investigate SFI by SWIR fields into states with low electron momentum parallel to the linear polarization
of the laser field. To this end, the velocity map imaging (VMI) technique is used to measure photoelectron
momentum distributions (PMDs) from strong-field photoionization of Xenon by laser fields with durations of many
and few optical cycles. The measurement setup and procedures are introduced in subsection 4.2. Typical features
of the PMD and observations from the measurement are summarized in subsection 4.3. In subsection 4.4, we
introduce the implementation of the semi-classical model of strong-field photoionization. The results of the
simulation are compared to experimental observations qualitatively in subsection 4.5. Subsection 4.6 summarizes

the results of the experimental and theoretical work of the chapter.

4.2 Measurement of Photoelectron Momentum Distributions

Figure 4.1 provides a sketch the experimental setup including the beam path for the laser and the vacuum
apparatus, which contains the VMI spectrometer. Given peak intensities are based on the measurements of pulse
duration, focal spot and on measurements of the pulse energy using an energy meter. The estimation accounts for
additional losses that occur due to the transmission of the entrance window. For the FROG measurements, the

amount of dispersion in the beam path to the FROG and the VMI are made equal.
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Projections of the PMDs are measured and processed as detailed in [45]. In short, for each setting of laser
parameters, a high-dynamic range image is recorded, background subtraction is done and the inversion algorithm
[91] is applied. The inset, (a) to (d) in Figure 4.1, illustrate the data processing after recording of the high-dynamic
range image. An example of a final measurement result is shown by the greyscale image in (d). It is a cut through
the p, = 0 plane of the three-dimensional PMD. The linear polarization of the laser is oriented as indicated in the

inset. Typically, the logarithm of the PMD is shown.
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Figure 4.1: Sketch of the experimental setup which is used to measure PMDs

The laser beam comes from the hollow-fiber setup. The front-surface reflection from an optional wedge is used
to attenuate the beam in order to allow pulse characterization using a home-built FROG setup. Controlling the
pressure inside the hollow fiber and adjusting the dispersion by adding/removing glass plates from the beam
path allows one to measure PMDs with different pulse duration. The A4/2- plate in combination with the Ge-plate
(acts as polarizer) allows to change the peak intensity without changing the focal volume by changing the pulse
energy in the target. Focusing with a focal length of f = 35 cm leads to peak intensities up to a few 10** W/cm?.
The second optional wedge is used to characterize the focal spot using the Si-based CCD. The inset of images, (a)-
(d), illustrate the data processing. The arrow in (d), which is an example of a final experimental result, indicates

the orientation of the linear polarization. It represents a cut through the PMD [45].
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4.3 Photoelectron Momentum Distributions from Strong-Field Ionization
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Figure 4.2: Comparison of PMDs from strong-field ionization of Xenon from long pulses of different wavelength
The wavelength is 1.8 um shown in (a) and 0.8 um in (b) [45]. As typical, the logarithm of the photoelectron yield
is shown. The distributions exhibit significant differences, particularly different spectral features are more or
less pronounced depending on the laser parameters. The circles mark momenta of characteristic energies, i.e.

the p = /2 - 2U,, (dashed circles) in (a) and p = /2 - 10U, dot-dashed circle in (b) only. A short survey of the

marked spectral features is given in text.

As Figure 4.2 illustrates, PMDs from strong-field ionization are very beautiful complex patterns, which contain a
huge number of spectral features. Most of the features are sensitive to laser parameters, such as the pulse duration,
intensity and wavelength and the target species [92] [93]. Figure 4.2 displays measured data at a wavelength of 0.8
pum and 1.8 pm. The target gas is Xenon, the peak intensity is I ~ 8 - 10'® W/cm?, linear polarization has been used
in both cases. Several characteristic spectral features are marked.

Such momentum distributions can be reproduced by direct numerical integration of the time-dependent
Schrodinger equation (TDSE) within a single active electron approximation using modern computers, e.g. [92] [93].
However, this typically requires a meaningful single active electron potential and thus, naturally excludes multi-
electron effects that might play a role. In addition, such calculations, particularly in all three spatial dimensions and
potentially for laser fields with arbitrary polarization state, became possible only recently, and are computationally
very demanding. Further, direct integration of TDSE delivers insight into the interaction mechanism only if
meaningful observables are evaluated during the calculation and are analyzed later. In that sense, numerical
integration of the TDSE can be viewed as a numerical experiment. Alternatively to the direct TDSE approach, several
more analytical theories have been developed to describe strong-field ionization. Examples are the simple man’s
model [11], [94] [12] or its quantum mechanical version, the strong-field approximation [95] [96]. Although these
models employ several approximations and might yield worse agreement than solving the TDSE, they have been

invaluable particularly in the early days of the field. They are able to reproduce characteristic features and provide
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detailed insight into the interaction as the ingredients are electron orbits, which have an intuitive interpretation.
Based on these orbits, characteristic features in the PMDs can be identified and assigned to characteristic processes
that take place during strong-field ionization. An overview of these spectral features is given next.

First, the rings in Figure 4.2 mark the classical cut-off of electrons with momenta of up to Pmax 4ireer =

22U, (dashed line in a) and b)), pmax forwardscatter = J2:0.09U, (dotted line in a) and b)) and
= /210U, (dashed-dotted line in b) only). Pimax pgcrscareer 1S Marked in b) but not marked in a) as

Pmax backscatter

this momentum is too high to be measured with the used VMI apparatus for the longer wavelength. These features
are connected to the highest electron energy of three different classes of electron trajectories: i) direct trajectories,
ii) forward scattered trajectories and iii) backward scattered trajectories. Direct trajectories leave the vicinity of the
ion without being driven close to it at some time later in the field. As is shown later, according to the classical model,
they can reach energies up to 2U,. The other two classes are driven close to the ion by the field and thus, scatter

elastically with it. This changes the electron’s direction of escape and allows a range of momenta from relatively low

to very high, i.e. ppax Forwardscatter = V2:0.09U, and Prax poekscacter = /2 * 10U, depending on the scattering

direction.

First evidence of elastic scattering effects in SFI have been observed at high energies [2], which is typically referred
to the high-energy plateau. It appears parallel to the laser polarization and is marked in Figure 4.2 b). However, as
recently found and discussed later, scattering does not only occur in backward direction but in principle in any
direction. Thereby, forward scattering is a somewhat special case as it can lead to relatively low final electron
energies and to peaked features in the PMD due to a bunching mechanism as will be shown later. These low-energy
structures (LES) are marked in a) and b). They are particularly prominent if long laser wavelength is used. The LES
effect has attracted a lot attention since the availability of long-wavelength laser sources [9] [34] [97] [98] [99]. An
off-axis extension of these features is marked by “Fork” in (a) and will be discussed in detail below [10].

Second, there are these ring structures that are particularly prominent in Figure 4.2 (b). They are marked with
“ATI-rings” and are a clear signature of quantum effects in strong-field ionization, which is one of the first features
that was observed in strong-field ionization [1]. They are peaks in the photoelectron yield at energies that are
separated by one photon energy. The structure is also present in a). However, it is washed out as the photon energy
is almost smaller than the energy resolution of the VMI apparatus for this wavelength. Phenomenologically, these
peaks could be viewed as the multi-photon version of Einstein’s photoelectric effect where energy of the photo
electron is simply, Ep;, = I, — n - wh, with I, being the ionization potential of the target, and n being the number of
absorbed photons. From the perspective of quantum orbits/electron trajectories, the peaks occur due to the
interference of electron trajectories which start at different times during the laser field. The feature, which is
marked by the interference carpet [85], is closely linked to this explanation slightly modified for electron emission
with zero longitudinal momentum.

Third, there are the spider structures in a), which are particularly prominent for long wavelength [100] [101].
Similar to the “ATI-rings” the explanation for these features lies in an interferences effect of electron bursts that are
emitted at different times during the laser pulse and go along different electron orbits. Sometimes, they are
interpreted as holograms between direct electron trajectories, which leave the vicinity of the ion without scattering,

and rescattered electron trajectories, which come close to the ion and scatter before they reach the detector.
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4.3.2 Momentum Distributions at a Few Wavelength from Xenon

Par. Momentum p ‘ [a.u]

1=6.5-10"W/cm? 1=5.7-10"W/cm? 1=5.5-10""W/cm?® =4.3-10"Wicm?
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Figure 4.3: Logarithm of PMDs of Xenon from long pulses with different center wavelength.
Laser pulses from the signal and the idler beam of the TOPAS have been used [45]. The peak in each of the
measurementis / ~ 51013 W/cm?. Interesting is the fork-like structure which occurs close to right angle to the

polarization axis. It becomes more prominent the longer the laser wavelength.

Figure 4.3 shows PMDs from SFI of Xenon in the signal and idler range of the TOPAS for intensities around / = 5 -
10'3 W/cm? and linear polarization. As the detection range of VMI is limited to energies below 80 eV, only the
energy region of direct electrons is observed. Increasing the wavelength leads to higher photoelectron energies and
thus to a wider PMD. This is expected from the scaling of the 2U,, cut-off with wavelength, Up~1/12. In addition, the
longer the wavelength, the worse the visibility of ATI peaks becomes. The observation can be attributed to the fact
that the separation of ATI peaks is proportional to the laser frequency. Thus, the visibility of ATI peaks decreases
for increasing wavelength until they are completely washed out by the limited momentum resolution of the VMI
spectrometer. An eye catching feature are these prominent prongs of a fork-like structure, which appear close to
right angle to the laser polarization axis of the laser. They are the more pronounced, the longer the wavelength
becomes and even contain interesting interference features if the momentum resolution of the spectrometer is
sufficient to resolve them, see e.g. the 1.8um or the 2.0 um measurement. These features are similar to the ATI peaks
less visible the longer the wavelength.

Similar fork-like structures have has also been observed in an experiment where meta stable Xenon (I, = 3.8) is
ionized by a 7um-laser pulses from an infrared free-electron laser [100] at significantly lower intensity of I = 5 -
101! W/cm?. The major experimental and theoretical results of this work are summarized in Figure 4.4. The overall
shape is found to be very similar to the observations, which were made in the PMDs from the table-top experiment
in Figure 4.3 where the intensity is high enough to allow the use of Xenon atoms in the ground state (I, = 12.13) as
the target. The performed TDSE and coulomb-corrected strong-field approximation [102] [103] simulations also
shown in Figure 4.4 reproduce the measurement including the off-axis features.

Altogether, Figure 4.3 and Figure 4.4 brought an interesting off-axis fork-like structure to our attention, which
exists over a wide range of parameters in SFI by SWIR fields and is reproduced by direct integration of the TDSE

and the coulomb-corrected strong-field approximation.
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Figure 4.4: PMDs from metastable Xenon ionized by 7 um laser at a peak intensity of I = 5+ 10 W/cm?

This figure is taken from the original publication by [100]. The experimental and theoretical results in this work
revealed a very similar structure close to right angle to the polarization axis. However, in this experiment laser
pulses from an infrared free-electron have been used. These lasers can have very long wavelength but typically have

a lot longer pulse duration than the table-top measurements presented here.

4.3.3 Momentum Distributions from a Long Pulse and Few-Cycle Pulse from Xenon

Here we compare PMDs from SFI of Xenon produced by a laser field with many-cycle duration with the PMD
produced by a few-cycle pulse.

Figure 4.5 shows the logarithm of the PMD from strong-field ionization for Xenon generated by a 75-fs pulse and
a 12-fs pulse at a center wavelength of 1.8 um. The peak intensity is I = 8 - 10*®> W/cm? for both cases. Previously
discussed features that are particularly prominent are labeled in a) again. The color bar is clipped on the high-yield
side in b) and d) in order to emphasize the three pronged structure that appears at close to a right angle to the
polarization axis. Almost all features of the PMD are washed out if ionization is caused by the few-cycle pulse,
reminiscent of the ATI peaks, the spider structure is a lot less pronounced and the fork changes from a prong to a
to a smooth distribution. Thus, the fork-like structure is almost certainly due to rescattering electron orbits that
travel for long times in the laser field and which are naturally not supported by a few-cycle laser pulse.

Figure 4.6 e) and f) shows simulations of strong-field photoionization of the experiment by Dejan Milosevic [10]
for parameters that are representative for the experimental conditions. These simulations use the so-called
improved strong-field approximation (iSFA) [104]. It is the quantum mechanical formulation of SCM of strong-field
ionization. In contrast to standard strong-field approximation (SFA), not only direct quantum obits are taken into
account but also scattered quantum orbits are used. Figure 4.5 e) is calculated for an infinitely extended
monochromatic plane wave (CW) while Figure 4.5 f) is for a finite pulse of five optical cycles total duration (11
fsSFWHM) with a cos? envelope and averaged over the carrier-envelope phase. Focal averaging is taken into account
in the simulation. The fork feature is qualitatively clearly reproduced for the cw pulse and reducing the pulse

duration washes it out as observed in the measurement.
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Figure 4.5: Measured and simulated logarithm of PMDs from strong-field ionization of Xenon

For the long pulse a)-b), e) and the short pulse c)-d), f). The center wavelength is 1.8 pm. In a), several feature which are
characteristic for long wavelength are marked. The color bar in (b) is clipped on the high-count rate side in order to
emphasize the fork-like structure close to right angle to the laser polarization. This structure is strongly smeared out in
c) and d), where the short pulse is used. Peak intensity in the experiment a)-d) is I ~ 8- 10'3 W/cm? compared to = 5 -
103 W/cm? for the simulations in e) and f). The simulation is volume averaged and uses the improved strong-field
approximations theory (iSFA) with both direct and rescattered electrons. As in the experiment, the fork structure is

washed out [10].

A more detailed investigation of the influence of the pulse duration based on the experimental data is shown
Figure 4.6 where the photoelectron spectrum for an emission direction of +1° around the laser polarization axis
and electron energies up to 50 eV (roughly 2U,, U, = 24 eV) is compared for ionization by a long and a short pulse
in Figure 4.6 a). The spectrum has been generated from the measured PMDs. The vertical shift is artificially in order
to improve visibility. For both cases, long pulse and short pulse, the LES peaks at energies below roughly 0.09 U,
(2.16 eV) are visible. For the few-cycle pulse, the first-order LES peak moves towards smaller energy, which is
consistent with a recently published experimental and theoretical study of the pulse duration dependence of the
LES [99]. In addition, the height of the peak at very low energy (<1 eV) is suppressed. Figure 4.6 b) compares the
electron yield as function of emission angle for a fixed electron momentum of p = 0.75 au. The polarization axis of
the laser is points towards 180° here. While a regular modulation of the electron yield as function of the emission

angle is observed for the long pulse, this modulation is suppressed for the case of the few-cycle pulse.
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Figure 4.6: Details of the comparison between PMDs from ionization with a long pulse and few-cycle pulse
a) Photoelectron spectrum parallel to the laser polarization axis [45]. b) Angular distribution of photoelectrons with

an energy of p = 0.75 [45].

4.4 Semi-classical Model of Strong-Field Ionization

Altogether, the previous chapter on measurements of PMDs from SFI by an SWIR and IR laser fields revealed an
off-axis low-energy structure that is more pronounced the longer the wavelength. Similar features have been
previously observed in ionization experiments with even longer driving lasers from an IR free-electron laser. For
this experimental parameters, the feature has been reproduced by direct integration of the TDSE and coulomb
corrected SFA theory. For the experimental parameters here, simulations based on improved SFA theory
qualitatively reproduced the off-axis LES as well it’s previously unobserved sensitivity to the pulse duration of the
used laser pulse. Particularly, it was found that off-axis LES structure is supported by improved SFA (iSFA) theory,
which takes into account direct and rescattered electron trajectories. Motivated by the fact that the iSFA is basically
the quantum mechanical version of the semi-classical model (SCM) on strong-field ionization, here we aim to trace
the origin of the off-axis LES and its sensitivity to the pulse duration to rescattered electron trajectories within SCM.
To this end, the SCM will be augmented by rescattering at multiple returns. Further, details of the elastic scattering
cross-section are taken into account. As demonstrated, the improved SCM supports on- and off-axis low energy as
well as on- and off-axis high energy features in the PMD including their susceptibility to the pulse duration. Further,
itallows to trace the common origin of the features to rescattering dynamics between the field-driven photoelectron

and the parent ion.

4.4.1 Overview

The semi-classical model (SCM) [11] [12] has been extremely influential and become one of the backbones in the
field strong-field interactions and attosecond science. It described SFI as three step process: (i) tunneling ionization
in quasi-static field; (ii) propagation and thereby acceleration of classical electron trajectories in the laser field; (iii)

an electron-ion interaction if trajectories lead back into the range of the potential. The most prominent options for
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the interaction at (iii) are: a) recombination to the ground state, which leads to the emission of high harmonics
(HHG); b) an inelastic collision between electron an ion that causes a knock-out of a second or several electrons
known as non-sequential ionization (NSDI); c) elastic scattering between electron and ion that is responsible for
the generation of low- and high-energy on- and off- axis electron momenta as will be demonstrated.

Here, we construct the PMD, W (p), i.e. the probability for finding an electron with momentum, p, after ionization
of an atom by the field, E(t), along the lines of the SCM. The approach that we use for this purpose is similar to what
has been done in refs. [13] [105]. However, the model here goes in slightly different direction, particularly in the
method of how a weight is put onto the contribution of rescattered trajectories, which have a long travel time.
Specifically, the PMD, W (p), is composed of the weighted contributions from direct and scattered trajectories that
lead to the final momentum p, i.e. W(p) = Wy;,-(p) + W;.(p). Each of the contributions, is the sum of ionization
weights, W, (t¥), from k starting times, t¥, in the laser field that lead to the same final momentum, p. For the direct
contribution, i.e. for the contribution of trajectories that do not rescatter, this means Wy, (p) = X, Wik, (t¥, p). The
procedure is slightly more complex for scattered contribution, W,.(p). Each trajectory with the starting time, t}, has

the possibility to return at j return times, t{. Thus, one has to sum the contributions from each combinations of

starting times, t{, and return times, t{, which lead to the final momentum, p, i.e. Ws.(p) = ¥;; Wlffn (ti, ti, p). Asitis

shown below, each of the contributions, WX, (t¥, p), and wl (ti, ti, p) are thereby modeled in the form of a product

ion
where each factor represents an aspect of the interaction.

A central aspect of our construction of the PMD is to establish the connecting between the ionization time, t, and
the final momentum p. For the direct contributions, this can be approximately done by neglecting the influence of
the binding potential and finding the trajectory by integrating Newton'’s equation of a free electron in the laser field.
For scattered trajectories, the influence of the binding potential is taken into account by deflecting the potential-
free trajectories into an angle, 8, upon return at some time after t; with the return velocity v,. Details of the
potential, e.g. its shape, are then incorporated using a scattering cross-sections that weights the deflection angle, 6,
independence of, v,. Thereby, we account for proper normalization of the relative weights of earlier and later
returns.

In order to provide and discuss the details of the model, we start by direct and scattered electron trajectories in
section 4.4.2. The contribution of direct trajectories to the PMD, Wy;,(p), is constructed in section 4.4.3. The
construction of the contribution from rescattering, W;.(p), is detailed in 4.4.4. The results of the model calculations
are illustrated and analyzed in section 4.4.5. A comparison between the model and the measurement is presented

in section 4.5. The results of the chapter are summarized in section 4.6.

4.4.2 Direct and Rescattered Trajectories in the Laser Field

Newton’s equation of motion for a classical electron, in a linearly polarized field, E(t) = E(t)e,, with the vector
potential, A(t) = A(t)e, = — f_tooE(t’)dt’ e,, is #(t) = —E(t). Atomic units are used unless stated otherwise.

Integrating it from the starting time, t;, until ¢, yields
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7(t, t,) =v(t t,v,) = At) — A(t,) + vy = A(t) — A(t,) + v,. (4.1)

The initial velocity, v, is decomposed into components parallel and perpendicular to the linear polarization of the
ionizing laser field, vy = v e, + v, e,. Asitis typical for tunneling, v, = 0, is used in (4.1). A second integration leads

to the position
r(t,ts) = a(t) — a(ty) + (¢ — t) (v, — A(Ly)). (4.2)

Thereby, it is assumed that the trajectory starts at the position of the ion that is placed at the origin, r, = 0. The

influence of the ionic potential has been ignored completely. Also, the motion of the ion in the field is neglected as
it is small, see equation (3.7). The quantity, a(t), denotes the integral over the vector potential, a(t) = f_too A(thHdt'
[106].

Scattering is included if equation (4.2) leads back close the potential of the ion at some return time, t,{. > t. For

such a return, the trajectory has to fulfill the condition of return,
r(t,t,v, =0) = 0. (4.3)

For linear polarization, v, = 0 has to be used as this is the only possibility to fulfill (4.3) strictly a linearly polarized
field. A graphical solution of (4.3) can be formulated by the condition, a(ti) =a(t;) + (ti - ts)A(ts) =a(t) +
(ti - ts)aa/atlts, [107] [108]. This formulation reflects that a return can be found by searching for times where
the tangent on a(t,) intersects with a(ti) itself. As a(t)~E(t) for a plane wave field, the graphical procedure can
be applied to E(t) directly. Due to the periodicity of a typical laser field, it is possible to find several return times,
ti, for a given starting time, t,. Therefore, the index j is used to indicate the order of the return.

Upon return, the trajectories have spent the travel time, t{ = ti — t,, in the field and got accelerated to the return

velocity
v(t]t,) = A(t) — A(ty). (4.4)

At this time, the interaction with the ion is included in the form of elastic electron-ion scattering by assuming a
deflection into the angle theta, 8, while the |vr(ti,ts)| is assumed to be unchanged. Thus, the velocity after

scattering can be found by modifying the initial condition in (4.1),
v (t,0,t],t,) = At) — A(t]) + v, (t], t;)[cos(8) e, + sin(8) e, ]. (4.5)

Using equation (4.5) means assuming an instantaneous deflection into the scattering angle, 8. The scattering is
limited to the plane of the linearly polarized laser field, which is appropriate as the measured PMDs from the VMI

spectrometer represent a cut through the three-dimensional PMD.
The asymptotic velocity of a trajectory, vﬁc(e, vy (tﬂ, ts), t{, ts), that started at t,, returned at ti with the velocity,

vr(tf, ts) and scattered into the angle 6 is
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vg‘c(e, vr(ti, ts), t), ts) = vg‘c(e, t), ts) = —A(ti) + vr(tl, ts)[cos(0) e, + sin(0) e, . (4.6)

It can be found from equation (4.5) by letting t go to infinity, t = co. In this limit, the property of a traveling wave
ffom E(t") dt’ = 0 (it has no direct current component) is used by applying A(t —» o) = 0. Inspecting equation (4.6)
shortly reveals that each scattered trajectory is a circle, which is shifted by the vector potential at the time of return
in the PMD, see e.g. [105]. Trajectories that do not fulfill the condition of return, i.e. equation (4.3), do not come close
to the ion and thus, do not scatter. These trajectories are classified as direct trajectories and have the asymptotic

velocity,
vgir(ts, v,)=-A(t,) +v,. (4.7)

(4.7) follows from applying, A(t - ) = 0, to (4.1), i.e. v(t = oo, t,, v,) = vgir(ts, V).

Equations (4.1) to (4.7) establish a connection between an electron trajectory that is released at the time t; and
it’s asymptotic velocity the detector, v/, for a given field, E(t). Depending on whether, t,, leads to fulfillment of the
condition of return, i.e. (4.3), for some return times, t£>t5, of the order j, v/ is either calculated using the method
for a direct trajectory, vgir(ts, v,) in (4.7) or a scattered trajectory, v;(e, vr(ti', ts),tf, ts) in (4.6). For direct
trajectories, this is a simple relation that depends on the vector potential at the starting time, A(t;), and an initial
perpendicular velocity, v, . For scattered trajectories, the relation is more complex. A single starting time, t,, can

lead to j return times, ti, where scattering into an angle, 8, takes place with the return velocity, vr(tf, ts). Scattering

causes an instantaneous deflection such that the asymptotic velocity is affected by the vector potential at ¢, and tﬂ'.
It is therefore extremely sensitive to the time-dependent shape of the field on time-scale below one optical period.
The previous analysis of classical electron trajectories in the laser field does not predict the photoelectron
momentum distribution, W (p) respectively W (v), so far. Equations (4.1) to (4.7) only establish the connection

between the starting times, t,, and the asymptotic velocity, v’ either on a direct path, ”Zir' or on a scattered path,

f
Ve

Next, probabilities for each of the paths are constructed along the lines of the previous discussion. Both
constructions are finally used to calculate PMDs as the sum, W(v) = Wy;,.(v) + W,.(v), which is compared to

experimental data on a qualitative level later.

4.4.3 Construction of the PMD Contribution from Direct Trajectories

The final velocity of a direct trajectory, vgir (ts, v, ), depends on the starting time, t,, via the vector potential, A(t,),
and on the initial perpendicular velocity, v, . Thus, the weight of the direct contribution at the final velocity, W;,.(v),
is found by summing over the ionization probabilities from all combinations of starting times, t¥, and initial

perpendicular velocities v¥, which lead to the same final velocity according to (4.7),

Wdir(v) = Zk Vl/ion(t;c'v = _A(t.ic) + Uf) = Zk M/ion(t.é{' U’f) = Zk M/ion(téc)wion(v,f)- (4-8)
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The ionization probability, W;,, (tX), is modeled using typical formulas for tunnel ionization rates, I'(E(t¥)), in a

quasi-static strong electric field, E(t¥). A common expression is,
FEEHD =TS

P my? [ 262 \E M 203 2B |E(t) (49)
~@OMIm]! (|E(t§)|) EXp<‘3|E(t§)|>EXp<‘ﬂF K )

The constants, C,;, Q(l,m), |[m|, B and k = \/m in equation (4.9) are specific for the atomic target and can be
found in Table 4.1. For example, I, denotes the ionization potential of the target atom. The first three factors come
from the well-known Ammosov-Delone-Krainov (ADK) formula [109] and the fourth factor accounts for an
empirically obtained correction to this ionization rate. It is used if the quasi-static field strength, E (t¥) = |E(tK)|, is
close to the over-barrier field strength, F, = k*/8|2Z — x(m + 1)| [110] [111] and is specific for the atomic target,

too. To calculate W;,,, (t¥) based on equation (4.9) depletion of the ground state,

Wiy (E5) = [(EX) exp (— f tsl“(t’)dt’), (4.10)

is taken into account. It reflects that the probability or population to find the electron in the bound ground state
decreases with the rate I'(tX). Thereby, the total probability of the bound part, P(t), and the ionized part, C(t), is
one, ie. C(t) + P(t) = 1. Equation (4.10) follows from solving the rate equation, dP(t)/dt = — I'(t)P(t).

Further, there is a chance for tunneling out with an initial perpendicular velocity, i.e. Wy, (vX), in (4.8). It is

modeled using the expression,

Ak k[vF]?
Wion(vi() - |E(t§)| exp (_ |E(t§)|> (4.11)

Such Gaussian shaped extension of the weight with chance for tunneling with an initial perpendicular velocity is
well known [109] and has been proven to yield reasonable agreement with experimental data [112][113] [114]
[115].

Equations (4.8) to (4.11) allow to calculate the PMD from direct ionization, Wy;,.(v), for a given field E(t). An
illustrative example for starting times from a single half-cycle in an infinitely long laser field (plane wave) is

discussed in subsection 4.4.5. A formalism to calculate the PMD from scattered trajectories is discussed next.

4.4.4 Construction of the PMD Contribution from Scattered Trajectories

The final contribution of scattered trajectories is the sum of all trajectories with the starting time, t£, and the return
time, ti', which scatter with the return velocity, v, (tf, t;) = vii, into the angle, 8, and lead to the final velocity, v, at

the detector calculated according to equation (4.6),

I/Vsc(v) = Zi]’ VVL’]’H (9' vrij' ti' tsi' v?c) = lek Wion (t;')Wtravel(ti; tsi)o-(v;.j: 9)- (4-12)
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Next, the probability of the individual summands is constructed as a product along the lines of the trajectories which
were discussed in section 4.4.2.

The first factor in equation (4.12), W;,,,(tl), is the probability for tunnel ionization in a quasi-static field. It is the
same as for direct trajectories, i.e. equation (4.9), but used with the initial velocity set to v, = 0 as this is a
prerequisite for a scattered trajectory in a linearly polarized field. The electron would miss the ion otherwise. The

second factor,
Wi (8], t8) = (¢} = t) ™5 = (¢} = t) 7/, (4.13)

lowers the contribution of returns with longer travel time, t{ = ti — t!. This is motivated by the idea that ionization
from each t! creates a spatially confined three-dimensional electron wave packet in the continuum, which is
subsequently steered by the field. As an electron wave packet in the continuum spreads in space, this causes a
lowered electron density and thus, a lower probability for returns that have a longer traveling time, t{ . Choosing
& = 3/2 mimics the combination of two-aspects: (i) three-dimensional spreading of the released electron wave-
packet (this would yield £ = 3) while it travels from t} to t; in the continuum and (ii) Coulomb-focusing that
contracts the wave-packet in due to the attraction of the nearby ion [116].

Last but not least, there is the differential cross-section for elastic scattering, a(vrij , 9), of the scattering potential
in equation (4.12). To model the scattering of a noble gas ion, a screened potential of the form, V(r) = —Ze™"" /r,

with the cross-section,
. B 2
a(6,v)) = (ZZ)Z/[H2 + 4[v;}]zsin2(9/2)] , (4.14)

is used here. Choosing this form is mainly motivated by the desire to be able to have an analytical expression. The
parameters, Z and y, are specific to the noble gas and are given in Table 4.1. They have been found by fitting V (r)
to more complex model potentials [110]. Instead of using this type of the potential, one might use numerically
calculated scattering cross-sections, which are expected to give a lot better agreement between theory and
experiment. It has been shown that high-energy part of the PMDs from strong-field ionization can be used to extract
elastic differential scattering cross-section of the target ion from the measured PMD, see e.g. [117]. This so-called
laser-induced electron diffraction (LIED) scheme has been used to probe several structures and dynamics of rare
gas atoms [118], and molecules [32] [105] [119] [120]. Very recently, following even bond breaking dynamics in
small molecules has been demonstrated [33].

An important aspect of the construction, (4.12), in the context here is the weight between scattering contributions
that belong to the same starting time, t{, but have several return orders ti. Here, the normalization, W;,,, (t}) =
[, [, W;;gdjd8, is used in order to ensure appropriate weight for returns of different orders. It accounts for the

6 Jj ijo

fact that a later return with lower return velocity (high cross-section but lower return probability due to wave
packet spreading) might be preferred, compared to an earlier return with high return velocity (low cross-section
but higher return probability due to wave packet spreading). This schmes seems to be appropriate to weight the

probability of different return orders in a reasonable way, but it might underestimates the direct contribution
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compared to the scattered contribution as the mentioned wave packet spreading would lead to direct contribution

from W;,, (tl) even if t! leads to a return.

4.4.5 Illustration of the Model - PMDs from a Single Half-Cycle
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Figure 4.7: Classical trajectories in the laser field and ionization probability.

a) shows the position, (¢, t), of five trajectories with starting times before and after the peak of the field around ¢t = 0. The
wavelength of the driving field in the example is 1 = 1780 nm (w = 0.026 a.u.) and has an intensity of I, = 8 x 103 W/cm?
(Ey = 0.048 a.u.). The green trajectory starts before the peak. It thus, never returns to the position of the ion at r = 0 and
yields a direct trajectory. All others (purple, yellow, orange and blue) belong to scattered trajectories with one or multiple
returns at the return times as indicated by the dots. b) shows the time-dependent velocities of the example in a). All
trajectories start with zero velocity but have been shifted vertically for better visibility. The return velocities, i.e. v, at the
return times are indicated by the dots. c) shows the ionization probability, W;,, (t) for Xenon as the target. Only the half-cycle
that peaks around t = 0 is considered. The area under the curve indicates which starting times lead to direct and scattered
trajectories. The numbered lines (1-4, yellow and orange) illustrate the graphical method for finding the return times. They

are the tangent on a(t,) o E(t,) that intersect a(t,.) « E(t,) at the return time indicated by the dots.

Having explained the constructions of the direct and the rescattered contribution to the PMD in sections 4.4.3 and
4.4.4, we turn to illustrate the model using example calculations here. To this end, the results of the model are
illustrated by considering the ionization from a single laser half-cycle in an infinitely long pulse. The analysis is
similar to what has been done in references [16] [108] [121]. Considering ionization from a single laser half-cycle
in an infinitely long pulse allows to perform some of the necessary numerical analysis analytically. Thus, scaling
laws with experimental parameters of notable features in the PMDs can be given. Thereby, the major interest lies
on the formation of on- and off-axis low-energy structures that have been investigated in recent experimental [9]
[122] [10] [99] and theoretical work [98] [123] [124] [108]. It will be shown that these features can be well
reproduced and understood by the constructions of the PMD that follows from the SCM as presented in section
4.4.2,4.4.3 and 4.4.4. The analysis demonstrates that rescattering is the origin of the features and puts them on the
same basis as the high-energy plateau [2] [16].

The field is chosen as an infinitely long plane wave with linear polarization along the z-axis of the laboratory frame.
Thus, the PMD is calculated in the plane of the linear polarization, i.e. the zy-plane. The field has the amplitude E|,,

the frequency, w, and the optical period, T = 2 /w and reads,

53



Off-Axis Low-Energy Structures in Strong-Field Photoionization

E(t) = E,ycos(wt). (4.15)

Integrating two times yields, the vector potential is A(t) = — Ey/w sin(wt) = —Aysin(wt) and it’s integral a(t) =
Ey/w? cos(wt) = aycos(wt). Using (4.1) and (4.2), one finds the position, r(t, t,), and the velocity, v(t, t,), for a

given starting time, t, and for initial perpendicular velocity v, = 0,

Ey Ey E, .
r(t tg) = Ecos(wt) - Fcos(wts) +(t—tg) Zsm(wts)
(4.16)

E, E, .
v(t,t;) = —Zsm(wt) + Zsm(wts) = Vpse () + Varige (ts)-

Equations (4.16) are illustrated in Figure 4.7 for a few examples with starting times close to the peak of the laser
field around t = 0. Inspection of (4.16) and Figure 4.7 reveals that the electron follows the oscillation of the field
overlapped with a linear drift motion at constant speed, i.e. v(t, t;) = v,5.(t) + Varire(ts). The constant speed is
sensitive to the starting time, t;, in its magnitude and direction.

The position and the velocity terms scale with the field strength and the frequency of the driving laser. The
amplitude of the velocity is, 4, = E,/w, and the excursion of the trajectory is a, = E,/w?. For the chosen example
of 1 =1780 nm (w = 0.026 a.u.) and an intensity of I, = 8 x 103 W/cm? (E, = 0.048 a.u.) this yields, 4, =
1.86 a.u. and a, = 72.87. Comparing these numbers to typical values for the energy and the position of valence
electrons in a noble gas atom of I, = 0.5 a.u. and a, ~ 1 a.u (the Bohr radius) illustrates that the kinetic energy in
the field, T,;. = 0.54% ~ 1.74 is of comparable size to the binding energy while the distance is a lot larger than the
typical size of an atom, i.e. ¢, > a,. Both aspects, (i) large distance between electron and ion with (ii) high kinetic
energy give arguments for neglecting the influence of binding potential on the trajectory for most of the time at least
in a first order model. However, the trajectories shown in Figure 4.7 also reveal situations, i.e. the returns, where
the electron trajectory approaches the ion with some velocity that can reach a whole range, v, = 0 ... v, of

velocities.

4.4.5.1 Direct Contribution to the Photoelectron Momentum Distribution

The ionization probability, W;,, (t), for trajectories with starting times from a single optical half-cycle around t =
0 is shown in Figure 4.7 c). Only starting times before the peak of the field lead to direct trajectories, which have
final velocities in negative z-direction, v{;ir < 0. It reflects that for the SCM only times, t; < 0, with asymptotic
velocities, vgir x —A(t,) are classified as direct trajectories and thus, contribute to the PMD while trajectories from
tg > 0 always lead to scattered trajectories and are consequently omitted in the discussion of the direct ones. The
region, vgir > 0 in Figure 4.8 would be filled if trajectories from the next half-cycle are allowed. Including them
would lead to a distribution that is simply symmetric around the v£ = 0 axis as is obvious from specifying equation

(4.7) for the field in (4.15),
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Figure 4.8: [llustration of the direct contribution to the PMD for starting times from a single half-cycle.

The logarithm of the photoelectron yield, Wy;,-(v), is shown in a) as function of the final velocities parallel (z-direction, v,)
and perpendicular (y-direction, v) to the field in a colored 2D plot. The black arrow top left indicates the direction of the
linear polarization. The short red line at the bottom marks the position of v, = /22U, which is the highest velocity that a
direct trajectory could reach. Also shown are wedges (orange and blue) that illustrate the cuts through the PMD for electron
emission within a certain solid angle. The three rings (orange) indicate a velocity region around v, = ,/2U,. Projections of
the PMD along the axis of the coordinate system are shown in b). Energy spectra for electron emission along the cuts as
indicated by the wedges in a) are given in c). Angular distributions, i.e. the probability for electron emission with the velocity,
v, = vz + vZ into the angle, §, are shown on a linear scale in d) and a log scale in e). The blue line in d) and e) shows
W (s, fow dv,), L.e. the velocity integrated angular distribution and the orange line shows the same but for a velocity range
around v, = /2T, that is indicated in a), see the legend in the figure. The region with positive velocities, v, > 0, is empty as

starting times from a single half-cycle of the laser field are considered only. It would be filled if direct trajectories from a full

optical are allowed.

Introducing the ponderomotive potential next,

1 (T1[E, z 1E, [T sin(wT)] 1E,?
U, == —[— i t’] dt' =-—|z——| =—-——, 4.18
p TLZwsm(“’) 20227 40 | 2w? (+18)
as a scaling quantity, yields the maximum kinetic energy of direct trajectories max(Tg;.) = 2U,. However, the
probability at these high energies is very small (strictly speaking zero) according to (4.10). This is a consequence of
the SCM. Trajectories with the highest energy occur for starting times, t; = /2, i.e. for ionization times where
E(t) = 0 and thus W;,,,(t) = 0 is zero. Consequently, one does not expect to observe direct trajectories at these

energies if one strictly follows the semi-classical model. However, quantum mechanical considerations allow these
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trajectories such that one can mitigate the previous statement by expecting only a small contribution to the PMD
from these trajectories.

The projection of the PMD perpendicular to the direction of the ionizing laser field, W(vgir), resembles a Gaussian
distribution. This is expected as each t; with the field strength, E (t;), contributes with a Gaussian probability to the
final, i.e. W;,, (v¥) < exp(— [v¥]?/0?). Thereby, the width of the Gaussian scales with the field strength at the
ionization times, i.e. 62 o« |E(t¥)|. Thus, ionization times close to the peak of the field yield a wider distribution into
the direction of the perpendicular velocity. However, these trajectories have lower velocity parallel to the field such

that the width decreases with higher, v,, see Figure 4.8.

4.4.5.2 Scattered Contribution to the Photoelectron Momentum Distribution

Now we turn to the PMD of scattered trajectories. First, one has to find return times, ti, by solving the condition

of return, (4.3), for the chosen field (4.15), i.e. solutions of

z(t ts) = E—cos(wtj) _L cos((ut ) +E—w(t} t;)sin(wt) = 0
(4.19)

- |cos a)ti — cos(wt,) + w(ti —ty)sin(wtg)| =0
[cos(

need to be found. Introducing, the travel time, t{ = ti —t, [108], with the corresponding travel phase, T{ =

w(t{ - ts), and expressing, ti = wti = Tg + wt, yields
cos(‘rg + a)ts) — cos(wt,) + thsin(wts) =0. (4.20)
Rewriting, using trigonometric functions, cos(a + b) = cos(a) cos(b) — sin(a)sin(b), [45] one has
cos(rg)cos(wts) - sin(rg)sin(wts) — cos(wt,) + Igsin(a)ts) =0. (4.21)
Dividing by cos(wt,) yields after rearrangement,

cos(rt)cos((ut ) — cos(wt,) — sm(rt)sm(wt )+ 1] sm(wt )=20

(4.22)

- tan(wt,) =

cos(tl)-1 1 [ cos(z]) - l

-ty = —arct
s arctan (Sln(‘[]) _ TJ)

(sm(‘rj) - T]) w

This expression gives the starting time for a given travel time. The relation is shown in Figure 4.9 a) for return times,
ie. ti‘ = tg + t,, between a quarter of an optical cycle 0.25 T up to 3 T. The smaller the starting time is, the later the

return times can be and the more return orders, i.e. js, exist.

56



Off-Axis Low-Energy Structures in Strong-Field Photoionization

a) 40 00 1.0 20 3.0 c)
T T T I T T T
10T—== 100H—7. : .
—_=2 —0.25;. ----- TiO=m)| %
= =3 ~ - =TIO=0)f it »
g 0.5-_";:,1 H0.20 - 8.0 { it .
£ — Joas & 2
< 001 £ 380
L] 4010 & &
c £ c 40
o -05F qoos T W
Aft) :
-1.0 1 1 1 1 0.0
-1.0 0.0 1.0 2.0 3.0 -1.0 0.0 1.0 2.0 3.0
Return Time, tr (m Return Time, t (T)
b) -1.0 0.0 1.0 2.0 3.0 d) -1.0 0.0 1.0 2.0 3.0
5.0 T T 1.0 T T T 112.0
o | [P
30 - -viio=n ~ T osk 415 &
20F s = =
< 10} s 2 5
2 o0oh 2 < oof 1.0 8
1.0 g o s
w 3 5 8
20 = ; 05k 105 =
-3.0H E(t)/E, |
-4.0 H A
5.0 = L -5, -1.0 = I "o 1 o 100
-1.0 0.0 1.0 2.0 3.0 -1.0 0.0 1.0 2.0 3.0
Return Time, t_(T) Return Time, t_(T)

Figure 4.9: lllustration of rescattering dynamics in a plane-wave field for starting times from a single half-cycle.

a) shows the relation between the return time, ti, and the starting time, t,, for return times in the interval, tf =0.25T..3T.
This leads to starting times in the range t; = 0 ...025 T. Different return orders i.e. first return j = 1, ... j = 5, are indicated
by the colors (blue, orange, yellow, purple, green). The color code is used in all plots a)-d). If t, is close to the peak of the

field, i.e. t; = 0, several return orders exist. b) shows return velocity, v,, (solid colored line) and final velocities for

backward, vSfC(B = 1), (dotted colored lines) and forward scattering, vsfc(e = 0) (dashed colored lines). The corresponding

energies are shown in units of the ponderomotive potential, Up. Forward scattering energies, Ez;(6 = 0), have been
multiplied by three for better visibility of the curve. d) shows the angle integrated scattering probability, i.e. W, (ti) =

fWSC(B, tﬁ)d@, as function of return order. The field and the vector potential are shown for reference as indicated in the

legend of each of the panels.

Having established the connection between t, and t, equations (4.4) and (4.5) can be used to calculate the return
velocity, vr(ti', ts), and the velocity after scattering into an angle, v£c (9, ti, ts), see Figure 4.9 b). Therefrom, one can
give the corresponding energies, Tr(ti, ts), and TSC(B, ti,ts) that are shown in Figure 4.9 c). It is possible to do
further analytical analysis [108] however, the expressions become rather lengthy such that this is not repeated here.

We continue numerically and focus on some aspects. Depending on the return time (and thus starting time), the
trajectory approaches the parent ion with high velocity from both sides, i.e. in positive or negative z-direction see
Figure 4.9 b). In dependence of the deflection angle, 8, in the scattering process different final velocities are reached.
For example, backscattering, 8 = m, reverses the sign of v,. and creates a situation where the field driven motion
after scattering leads to an acceleration as the reversed v, (i.e. the velocity after scattering) and the vector potential
—A(ti) point into the same direction. In the consequence, backscattering trajectories of a given set of ti' and t; can
reach final velocities in the full range between v£c(9 =, ti, ts) ~ —4 ... 3.5 a.u. in the example, see Figure 4.9 b).
Forward scattering, & = 0, however, does not change the sign of the incoming velocity which leads to a deceleration

by the subsequent field-driven motion as —A(ti) points into the opposite direction. Thus, final velocities in a
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smaller range between v£C(9 =0, ti, ts) ~ 0 ... 2a.u. are reached only. In this sense, low energy for forward

scattering trajectories as well as high energy for backscattering are a result of the mapping between t; and ti with
the corresponding vector potentials at both times. Consequently, scattering is governed and can be controlled by
the sub-cycle shape of field. Thereby, it is clear that the model used here, neglects the influence of the binding
potential on the trajectory. It takes it only into account via deflection into the angle 8 which might be questionable
particularly for low energy returns. Naturally, the acceleration and deceleration mechanism for forward- and
backscattering is reflected in the energies shown Figure 4.9 c). The return energy has a maximum at
max (T, (t}, t,)) = 3.17 Uy, and is reached for t; ~ 0.05 T with the first order return at t! ~ 0.7T. Returns with
higher order have lower highest energy that oscillates in dependence of the order of the return. Zero energy occurs
for travel times t, = nT and once between full cycles if the return order is larger than one. The last of these
trajectories are marked by the red dots on the t,-axis in Figure 4.9 c) and Figure 4.9 b). They are responsible for the
soft recollisions that are discussed in greater detail in section 4.4.5.3.

The backscattering energy follows roughly the curve of the Tr(tf, ts) but at higher energies with a maximum

around T(Q =, t{,ts) = 10.0 U, followed by the maxima of the higher return orders which lie in the region
between 6 U, and 9 U,,. The combination of all the high-order back scattering returns leads to the formation of

smooth cut-offs in this momentum region of the PMD. Thereby, the whole energy range between 0 and 10.0 U, is

accessed. Forward scattering reaches a smaller energy range between T(Q =0, ti, ts) ~ 0...2.0 U,. Note that the
curve in Figure 4.9 c) has been multiplied by three in order to improve the visibility. Particularly, high order returns
lead to rather small energies around =~ 0.1 U, and below. These energies are well in the energy range which can be
addressed by the contribution from direct trajectories, too.

To impart an impression on the probability for each of the ti' and t}, an analysis of the integrated scattering
probability Wy, (t]) = [ Wign(tD)Weraver(t1, t1)o(v,’,0)do as a function of t/ is shown in Figure 4.9 d). The
combination of the ionization probability for a starting time, W, (t{)~ exp(—1/3|E(t¥)|), the punishment for
longer travel times, th,,el(ti, tsi)~(t£ — t})7%, and particularly the velocity dependence of the elastic scattering
cross-section, (6, vrij)~[u2 + 4v?2sin?(0/2)]72, leads to a strongly peaked shape of Wsc(ti‘). Interestingly, the
probability of returns with longer travel time can clearly compete and even exceed the probability for some of the
earlier returns. The origin of the effect is two-fold, on the one hand, the ionization probability, W;,, (t!), for
trajectories with longer travel time is higher as these start close to the peak of the field. Additionally, and more

importantly, 0(6, vrij), becomes very large for, vrij = 0, such that combination of both can beat the punishment for

alonger travel time Weyqpe (£, t1).

The scattered contribution to the PMD from a single laser cycle is shown in Figure 4.10. Contributions from
different return orders as well as the highest velocities, i.e. the angular cut-offs, from different orders of the returns
are investigated. Each return order contributes a velocity distribution that is reminiscent of a droplet, see Figure
4.10 d)-h) for the individual contributions. Figure 4.10 a) shows the total result over the full momentum region
while Figure 4.10 b) is zoomed into the low momentum region. The returns of odd order (j = 1,3,5) yield wide
distributions that have momenta at positive v, > 0 as well as negative v, < 0. For these trajectories, a final velocity

of v, > 0 is related to close-to forward scattering. The deceleration by the field after scattering causes these
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trajectories to bunch in the final velocity such that they yield a velocity region with comparatively high yield at low
velocities, see Figure 4.10 d), f) and h). Increasing scattering angle has decreasing scattering cross-section,
a(6, vrij)~[y2 + 4v2sin?(0/2)]~?, thus these trajectories have lower yield. In addition, the stronger the acceleration
after scattering is, i.e. the closer the trajectories come to backscattering, the more spread out are the final velocities
in the region v, < 0 and the lower is the yield. The PMDs from returns of even order (j = 2,4) have similar shape
but access the region v, > 0 only. The magnitude of the return velocity for close-to forward scattering of these
trajectories are not higher than the corresponding deceleration by the field after scattering. Thus, forward
scattering cannot reach the v, < 0 region. Close-to backscattering from returns of even order returns yields similar

contributions as back scattering from odd returns.

v, (a.u.)

[, 1 1 1 1 '3 L -4r 1 1 L 1 1 '3 L]
3210123 3210123
v (a.u.) v, (a.u.)

vy (a.u.)

Figure 4.10: Scattered contribution to the PMD from a single half-cycle resolved for each return order

a) shows the logarithm of the photoelectron yield, W;.(v), of all return orders. b) is a section of a) with smaller velocity. c)
is the same as a) but with colored solid lines (blue j = 1, orange j = 2, yellow j = 3, purple j = 4, green j = 5) that mark
the highest velocities, i.e. the cut-offs, that can be reached by the corresponding order. These lines are given in b), too. In d)-

h), the contribution of each order with the corresponding cut-offs is illustrated in a different plot.

For both even and odd return orders, returns with close to zero return velocity lead to distinct features. First,
these trajectories have high probability as the scattering cross-section is large. Second, the final velocity is mostly
independent of the scattering angle such that the yield from these trajectories is strongly bunched in the final PMD
and causes confined velocity regions with particularly high yield, see Figure 4.10 a) and b) where the confined
regions are encircled in read. The peaks in v, > 0 stem from the odd return orders and the peak at even lower
velocity exactly at zero comes from the even return orders. These velocity regions with particularly high yield are
known as the low-energy structure which have observed experimentally [9] [122] with their off-axis extension [10]

and have been investigated theoretically [98] [123] [124] [108]. Within the semi-classical model used here, they
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can be understood by two aspects: (i) a very high cross-section for trajectories that return with low velocity and by
(ii) the deceleration due to the field driven motion after scattering of forward scattering trajectories which leads to
a bunching in the final PMD. Along the lines of the SCM, the structures occur already if the trajectories are calculated
taking into account the laser field only and by incorporating the influence of the binding potential via deflection at
the scattering event. Thus, the low energy features can be understood and explained on the same footing as high
energy features in the PMD such as e.g. the plateau [2]. Due to the strong link to the field, it is expected the low-
energy trajectories are at least similarly sensitive to the sub-cycle shape of the laser field and can thus, be controlled
by it [123] similarly to e.g. [125].

Besides the low-energy features, the angular cut-offs of each of the returns can be clearly identified in the
calculated final PMD from rescattering, Figure 4.10 a), b) and c). The cut-offs manifest as sharp jumps of the
probability, see Figure 4.10 a) and b) in combination with Figure 4.10 c) where the angular cut-offs are overlapped
with the PMD from Figure 4.10 a). In addition to these jumps, inspecting the contributions from individual return
orders, Figure 4.10 d)-h), shows very similar structures that cannot be related to the angular cut-offs directly. These
features are not removed if the contributions from individual returns are combined to the full contribution from
rescattering, see Figure 4.10 a), b) and c) where they are present, too. They are a result of the normalization, i.e.
Wion(t) = [ W; jodjdb, that adjusts the weight of the different returns. It reflects that a trajectory that has several
return orders distributes it’s probability among all possible returns. Thus, the probability which is shifted to one of
the next returns, causes a lowered yield at velocities which could have been reached if scattering would have
happened at the previous return. This redistribution of probability among multiple returns leads to the sharp
features that are very pronounced in Figure 4.10 d).

Similarly to the PMD from direct electrons, the PMD of the scattered contribution is further analyzed in Figure
4.11. Projections of the scattered contribution to the PMD parallel and perpendicular to the polarization axis of the
laser are shown in Figure 4.11 b). In both projections, the position of the classical cut-offs as well as the discussed
low-energy structures can be identified as sharp peaks. The angle dependent yield in Figure 4.11 c) integrated for
all velocities drops for increasing angle dramatically and has a sharp jump in the direction close to right angle to the
polarization axis of the laser field. If only the angular distribution in a certain velocity range is considered, several
peaks occur in the region close to right angle to the polarization axis. These are related to the position of the angular
cut-offs of the different return orders as well as to additional cut-offs which occur due to the normalization which
is used to weight the probabilities with returns of different order.

Energy spectra for emission into different solid angles are shown in a semi logarithmic plot in Figure 4.11 d).
Emission into v, > 0 as well as v, < 0 shows sharp peak in the yield at the position of the cut-offs of the different
return orders. In the spectrum that is emitted perpendicular to the polarization axis, the angular cut-offs as well as
the additional cut-offs lead to a modulation of the energy-dependent yield. Considering the spectrum at smaller
energies only, as in Figure 4.11 e), allows to identify the sharp low-energy peaks in the spectrum that is emitted into

the v, > 0 direction.
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Figure 4.11: Analysis of the scattered contribution to the PMD from a single half-cycle

a) shows the logarithm of the photoelectron yield, W;.(v), as function of the final velocity components parallel, v,, and
perpendicular, vy, to the direction of the polarization of the laser field, which is indicated by the black arrow top left. The
intensity in the calculations has been 8 x 1013 W/cm?. In b), the projections of the PMD on each of the axis are given. c)

illustrates the angular distribution as function of emission angle, §, once integrated over the full momentum range (blue
solid line) and integrated over a certain momentum region around v, = /2Up as given in the legend. Both, the angle §
(black solid lines) and the momentum region of interest, v, = \/2Up, (orange ring that is centered around zero velocity) are

indicated in a). The wedges with different colors in a) show the angle regions for that the energy spectra are shown in d) in

a wide range from zero energy up to 11 Up and e) in a narrow energy range below Up.

The previous analysis and discussion of the calculated scattered contribution PMD illustrates that the semi-
classical model supports high-energy as well as on- and off-axis low energy features rescattering features. These
low-energy features have been observed in on-axis photoelectron spectra [9] [122] [99] and off-axis PMDs [10] as
well as in theoretical work [98] [123] [124] [108]. The presented semi-classical results do not allow for the inference
between different electron trajectories. Thus, the interference structures between direct and scattered
contributions to the PMD, which that are termed Spider in Figure 4.2, are not supported by the SCM used here. Next,

we turn to a detailed analytical investigation of the soft-recollisions and the corresponding low-energy features.
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4.4.5.3 Soft-Recollision and Low-Energy Structure

Here, the cut-off positions of the soft-recollision trajectories, which are responsible for the on-axis low-energy

structure, are derived for the plane-wave field (4.15). Our consideration further confirms that the low-energy

structures are supported by the SCM. The analysis is done along the lines of [108].
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Figure 4.12: Illustration of the graphical method to solve the condition of return for soft-recollisions

a) shows the graphical method which is used to identify soft-recollision returns. Soft-recollisions as described by equations

(4.23) to (4.29) are found when the tangent on a(t,) crosses with a(ti) in such a way that also the slopes are the same at

both points, 6a/6t|t; = da/0t|,,, see the lines, G(t) for two examples. The angle 7 is used to read-off this condition in a

suitable way from the figure. Vertical lines indicate the resulting ¢, for the approximate solutions in equation (4.27). Dashed

lines belong to odd k and deliver the soft-recollisions. Dotted lines belong to even k and are unwanted. b) Illustrates (4.27)

with the corresponding solutions. Dashed and dotted lines are used as in a). ¢) shows the scattering cross-section as function

of scattering angle for three different momenta. For small scattering momenta, the cross-section becomes more and more

isotropic. d) shows the PMD from Figure 4.11 in small velocity range. The low-energy peeks are the encircled very narrow

regions with very high yield.

We start by considering the graphical solution of the condition of return that reads for the cosine-field in (4.15),

A soft-recollision is found if the return velocity is zero in addition, i.e.

a(t]) = a(ty) + (t - ts)(;—ﬂ =G(t]).

(4.23)
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v(th ts) = —;Osin(wti) + Eosin(wts) =0 - —sin(wt}) + sin(wt,) =0, (4.24)

which transfers to

da
ot

_aa

J =3 (4.25)

)
ts

for the graphical method. This is illustrated in the sketch Figure 4.12. Equation (4.25) can be used in (4.23) in order
to obtain a second version of (4.23) that takes the condition of zero return velocity, i.e. (4.24), into account. All

together one has,

a(t]) = a(ty) + (£ - t,) Z—?L
| . ba (4.26)
a(ty) = a(t]) — (¢l —t,) ¥

o
Graphically, this means that a soft-recollision is found if the tangent on a(t;), i.e. (ti — ts)aa/atlts, intersects a(t)
at a point ti where a(ti) has the same slope. Or in other words, following the tangent on «(t;) and going forward
in time must yield the same line as starting at a(ti) and following the tangent backward in time. Due to symmetry

reasons, this is achieved for return times, t,{' = (14 k/2)T — t; withn = 1,2, ... being a natural number. Thereby, t
has been limited to the interval, t; = 0...0.25 T, see Figure 4.12 a). Higher order soft-recollision, i.e. higher n, shift
the corresponding t; closer to 0 where the peak of the field is located.

From the inspection of Figure 4.12 a) one can introduce the angle n in order to find an alternative formulation of

equation (4.26),

E
2a(ty) da Zw—%cos(wt) E, .
tan(n) = ——x—— = 2l | P = —Esm(wt)
(1+3)T -2t ol (1+3)T -2t 27)
cos(wt k
% = sin(wt) - [cot(wts)| = (1 + —) T — tsw.
2
(1 + 7) T — wtg
Using the approximation for small angles, |cot(wt)| = 1/wt, in equation (4.27) one reads 0 = (1 + k/2)wwt, —
(tsw)?. It can be solved using a Taylor expansion in first order, 0 = —1 + (1 + k/2)mwt,, the solutions are
1 2
tow (4.28)

“A+k/2r Q+in

with the corresponding the return times, t{ = Q2+ k)n/w — 2/n(2 + k)w. The found solutions, Figure 4.12 a) and
b) show that equation (4.28) does not only include the soft-recollsions (odd k) but also yields the points where the
slope has the same value but different sign between two soft-recollisions (even k). Thus, one can give the
approximate combinations of starting phase, wt;, that lead to a soft-recollsion by taking only odd k = 2m + 1 into
account,

opy=—"""7"-—m=20,12,..,, 4.29
™o 2m+3)r mn (4.29)
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with corresponding return times, ti = (3+2m)r/w — 2/n(3 + 2m)w, and starting times, t;, = 2/7r(2m + 3)w.
Using equation (4.6) yields the final velocities, v/ = Epsin(wts)/w ~ 2E,/m(2m + 3)w (small angle
approximation) which lead to the corresponding energies,

1E,? 4 8U,

T = -2 =
™2 w2 w2(2m + 3)2

=012,.. (4.30)

T m2(2m+ 3)2'm
, which are T, ~ 0.090 U,, 0.032 Up,,0.017 Uy, ... or not using (4.30) and solving (4.27) numerically, T,, =
0.0944 U, 0.0330 Uy, 0.0167 U,,. This result coincides with [37] as well as with [98] [123].

The effect of the soft-recollision in the PMD are momentum regions around momenta of p, = 2E,/n(2m + 3)w
parallel to the polarization of the laser field that are narrow in the velocity perpendicular to the field. The regions
form = 0 and m = 2 are encircled Figure 4.12 d). Clearly, very narrow low-energy peaks at the expected positions
are found. It is expected that the soft-recollision effect will be smeared out if pulsed laser fields and averaging over
the in the focus is applied to the model. These low-energy narrow regions can be very well understood by
considering the angular dependence of the scattering cross-section for different velocities as shown in Figure 4.12
c). For small return velocity, vrij, as it is the case for soft-recollision, scattering is more and more isotropic which
leads to the low-energy peaks in the PMD. The shift of the peaks away from zero momentum parallel to the laser
field is a consequence of the fact that the motion after scattering adds a small kick as A(t,{.) is not zero.

The previous discussion illustrates that the SCM supports low-energy scattering features in the PMD [37] on the
same footing as high-energy features [2] [16]. Both phenomena are strongly field-driven dynamics that and are
governed by time-dependent evolution of the electric field on the time-scale of a few optical cycles and below. Thus,
both features in the PMD are expected to be sensitive to reduction of the pulse duration to a few optical cycles and
to tailoring the sub-cycle shape of the field using .e.g the carrier-envelope phase or multi-color fields. For high-
energy features, the CEP sensitivity is well explored [126] and applied for the characterization of few-cycle pulses
[77] with center wavelengths around 800 nm. For low-energy features similar opportunities are presently under

investigation [10] [127].

4.5 Comparison between Semi-classical Model and Experimental Data

4.5.1 Details of the Numerical Implementation and an Example

After the discussion of the SCM in section 4.4, we turn to details of the numerical simulations that are compared
to experimental observations later in section 4.5. The simulations use a linearly polarized field, account for the
depletion of the ground state and are averaged over the three-dimensional intensity distribution in the focal volume
as discussed in appendix A1.2.

The field has the frequency, w, peak field strength, E,, and is expressed as product of the envelope, f(t), and a

carrier wave,

E(t) = Eyf (t) cos(wt + ¢) e,. (4.31)
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Thereby, t, denotes the time and ¢ is the carrier-envelope phase. A typical envelope of the laser pulse, f(t), would,
e.g., be a Fourier-transform-limited Gaussian, i.e. f(t) = exp(—2In2t?/7?), where T denotes the full-width half-
maximum pulse duration of the intensity, I(t) = f(t)? = exp(—4In2t?/7?). However, this envelope is not very
convenient for numerical calculations as ensuring ffooo F(t) dt = 0 with sufficient accuracy requires to calculate

over a long time interval. Instead, it is common to use a sin?-shape envelope although it does not represent a

physical field of a traveling wave. A convenient form is [106],

sin?(wt/4n — 1/2) if t=-nTandt <0
F(o) = 1 if t < NT . (4.32)
sin?(—wt/4n + wTN/4n + wT/4) if t = NT andt < (N +n)T

Here, n and N are natural numbers that influence the field as illustrated Figure 4.13. One should notice, that, f(t) =
0, excepton the interval, t = [—nT; (n + N)T]. This limits the necessity of the calculation the interval where the field
is defined. Subsequently, conservation laws are used to calculate the asymptotic limit, ¢ — oo. Figure 4.13 illustrates
E(t) which starts with a turn-on ramp of length, nT, is followed by a flat part of length, NT, until a turn-off with sin?-
ramp goes back to zero. Although, this seems to be a very artificial and arbitrarily chosen shape of the field, it is
useful to investigate the interaction in the long pulse limit as a number of optical cycles have the same amplitude.

Also, varying, N, allows to study effects which stem from subsequent cycles [106].
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Figure 4.13: The laser field which is used to model strong-field ionization

For the illustrative example, a wavelength of A = 2mc/w = 1800 nm for the carrier wave is shown. Choosing N > 0 allows
investigating of the long pulse limit at reduced time interval for the numerical integration, see (a). (b) Choosing, N = 0, yields
a field that is very similar to that of a Gaussian envelope with appropriate pulse duration. Also, the influence of the carrier-

envelope phase is reproduced correctly. (c) is a comparison of the envelopes and (d) shows the relation between the intensity

FWHM pulse duration of a Gaussian and the parameter, n.

Further, setting, N = 0, and choosing ,n > 1, yields a field and intensity profile which is very similar to a Gaussian
envelope as the comparison performed in Figure 4.13 (c) shows. Thereby, the integer number, n, is used to match
the intensity FWHM duration 7 of the Gaussian envelope as shown in 7(n), Figure 4.13 (d). The pulse duration can
be changed in steps of, n, i.e. in steps of the period of the carrier-wave. The constants that are used to model the
Xenon target properties are given in Table 4.1. Adjusting the constants allows to investigate the influence of the

target gas on the final PMD on a qualitative level.
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Table 4.1 Parameters for the tunnel ionization rate of Xenon in the semi-classical model.

[128][110][129][130][131][132][133]. Values that are given in italic, are reasonable estimates.

The simulations account for the three-dimensional intensity distribution in the focus as given in appendix A1.2.

Therefore, the yield, Y(I), at the end of the laser pulse, Y = C(t = t.,q), as function of intensity, Y (I), is first

calculated by integrating (4.10) for different intensities. Multiplying Y (I) with the frequency of intensities as they

are present in the focal volume, F(I), a curve that measures the fraction which a single intensity contributes to the
intensity averaged result H(I) = Y (I) F(I).
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Figure 4.14: Example of a simulated PMD

a) shows the simulated PMD for a peak intensity, I, = 8 X 103 W/cm?, and an n = 18-cycle pulse with a center wavelength

of A = 1780 nm. The calculation is averaged over the intensity distribution in the focal volume as well as over the CEP. In b),

the projection on each of the coordinate axis are given and c) shows the angular dependence of the photoelectron yield for a

certain momentum range in a semi-logarithmic plot. d) and e) are photoelectron spectra that were extracted from a) for

electron emission around a narrow angle parallel to the polarization of the laser. d) shows the spectrum over the entire energy

range using semi-logarithmic plot. e) is a zoom into the low energy region but a linear scale is used. High-energy rescattering

forms the characteristic plateau in d) and low-energy rescattering is responsible for the pronounced low-energy peaks in e).

At intermediate momenta, the angular dependence, c), is structured due the scattering from multiple return orders with

intermediate energies.
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Figure 4.14 illustrates a typical results of the simulation. The figure is organized very similarly to Figure 4.10 and
Figure 4.9. The characteristic features discussed in the previous section survive averaging over the intensity
distribution in the focal volume and can clearly be identified. These are direct ionization with quickly decaying yield

for increasing energy in the region, [v| < ,/4U, (discussed in 4.4.5.1 ) and a rescattered contribution (discussed in

4.4.5.2) that is spread over a larger momentum range with a broader angular distribution and has thus lower
probability. The rescattered contribution exhibits several characteristic features. (i) At low energy, the peaks, seen
in Figure 4.14 e) slightly below ~ 0.1U, are the low-energy structure [9] [34]. (ii) At intermediate energies a
particularly pronounced angular dependence [10] [108], named “Fork” is observed, see Figure 4.14 c). (iii) The
plateau in above-threshold ionization, [2] [16] is found in the high-energy range. Besides demonstrating that the
characteristic features survive averaging over the intensity distribution in the focus, Figure 4.14 illustrates that
intensity averaging shifts the energy position of the features to lower energies if the energy is measured in units of
the pondermotive potential calculated for the peak intensity in the focal volume. It reflects that that the peak
intensity contributes with very small volume only. In addition, averaging over the intensity distribution in the focus

smoothes the appearance of the features (i)-(iii).

4.5.2 Influence of the Pulse Duration on the PMD

The influence of the pulse duration in experiment and theory is compared in Figure 4.15. The used parameters,
peak intensity, pulse duration, three-dimensional focal spot in the calculation match the experimental conditions
within the error bars of their experimental determination. A visual comparison shows a reasonable match, i.e. the
overall shape with a cigar-like region with high yield at momenta below |py| < 0.3 is reproduced. Outside this
region, one finds a quickly dropping yield with a wider angular spread in both theory and experiment. For the long
pulse measurement and simulation, Figure 4.15 a)-d), the scattered contribution yields a Fork-like structure
(labeled with fork in Figure 4.15 a) and c)) at small momenta, |p,| (parallel to the laser polarization). Also, the low-
energy structure can be found in both theory and simulation. Reducing the pulse duration in Figure 4.15 e)-f)
changes the measured PMD and the simulated PMD similarly on a qualitative level, the fork structure is washed out
and the low-energy peaks move to smaller momenta. For both cases, i.e. long pulse and short pulse, the simulation
is not reproducing the spider-like (Figure 4.15 a)) features as the interference between electrons from different

trajectories is neglected by the SCM.
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Figure 4.15: Comparison between measured and modeled PMD

a) - d) show the measured, a) and b), and calculated, c) and d), logarithm of the PMD from ionization with the long laser pulse
for a peak intensity of, [, = 8 X 1013 W/cm?2, with a center wavelength of A = 1780 nm. Previously mentioned features are
labeled, i.e. LES, fork and spider in a). The pulse duration in the experiment has been 75 fs (intensity full-width half-maximum)
such that n = 18 is used in the calculation. The color scale in b) and d) is clipped in order to emphasize the fork-like structure
marked in a). Measured, e)-f), and simulated, g)-h), logarithm of the PMD for ionization by a few-cycle pulse with a duration
of 11 fs (intensity full-width half-maximum) for the same center wavelength and peak intensity are shown. n = 2 has been
used in the calculation, which yields slightly shorter pulse duration of 9 fs (intensity full-width half-maximum) in the
simulation. In addition to the characteristic features that are labeled a), the momentum region where direct electrons are
found is encircled in c). The spider-structures are absent in the simulations as the SCM is not able to explain them. They are

not of interest for the focus here.

A conspicuous difference between the measurement and the simulation is the width of the cigar-like region with
high yield in the center of the PMD in Figure 4.15 c), d), g) and h). In this region, ionization of the direct contribution
is dominant and gives obviously a too wide distribution along the p,, axis. It is clear that this can be cured by
adjusting the pre factor, k = \/Z_Ip - K = r]\/Z_Ip in equation (4.11) as it has been done in [13]. Choosinge.g. n = 3.5
would give a narrower spread of the direct ionization along the p,-axis in Figure 4.15 that fits the experimental data
better. A starting point to justify this ad-hoc adjustment is given by considering the fact that the SCM neglects the
influence of the Coulomb potential on the electron wave packet for direct electrons. The Coulomb potential would

contract the wave packet of direct electrons to a narrower distribution while it is accelerated away by the laser field

causing so-called Coulomb focusing [134].
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A more detailed comparison of the angular dependence of the photoelectron yield for a momentum of v = 0.75 is
done in Figure 4.16. Changing the pulse duration influences the angular distribution at this momentum, i.e. the
three-pronged fork-structure for the long pulse is washed out for the short pulse in measurement and simulation,

see the figure caption for details.
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Figure 4.16: Comparison of the Fork between measurement and simulation

a) illustrates the angle § and the momentum p = 0.75 at which the angular dependence of the photoelectron yields is
compared in b) for measurement, long pulse (black) and short pulse measurement (red), and simulation in c) and d) as
indicated. The fork is more pronounced for the long pulse in both measurement and simulation. Shortening the pulse to few-

cycle duration, affects the angular distribution, i.e. the pronounced peaks are washed out.

In Figure 4.17, the influence of the pulse duration on the position of the LES peak in the photoelectron spectra
parallel to the polarization axis is illustrated. It has been found experimentally that the position shifts to lower
energy if the pulse duration is reduced to a few optical cycles [45], Figure 4.17 a). This could be confirmed by the
simulations based on the SCM as implemented here, see Figure 4.17 b) and c). A detailed experimental and
theoretical investigation of this effects has been done by others in [99] where Figure 4.17 d) is taken from. As the
definition of the laser field used in [127] differs from the definition of the field used here, i.e. in (4. 31) / (4.32), the
pulse duration of the data from [127] has been converted such that it matches the field definition in equation (4.
31) / (4.32). The position of the LES peak position as function of pulse duration after conversion is shown in Figure
4.17 e). Error bars from the experimental results in Figure 4.17 d) have been omitted. Also, theoretical results from
[127] that were obtained based on the soft-recollision model have been converted. Thus, the dependence in Figure
4.17 e) contains measured data and simulated data from two models. Thereby, the pulse duration is given in units
of n that matches the definition in equations (4. 31) and (4.32) with N = 0. Figure 4.13 d) can be used to convert to
the intensity full-width half-maximum pulse duration.

Figure 4.17 e) shows a very good match between the theoretical results obtained with the SCM as implemented
here. Given the fact that theoretical results from soft-recollision model in [127] were “shifted down by 15% to match

the experiment”, the agreement achieved with the SCM here is even superior. The origin of this mismatch between
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experimental data and the soft-recollision model in [127] can have several reasons. It is part of the discussion in

[127].
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Figure 4.17: Comparison of the low-energy peak position as function of pulse duration

In a), measured photoelectron spectra parallel to the polarization of the laser field for the long and the short pulse are shown.
These experimental results were obtained in Xenon for U, = 24 eV at the peak of the field. The curves have been separated
along the y-axis in order to improve visibility. The rescattered high-energy photoelectrons above 50 eV are missing as they
were not detected in the measurement. The position of the LES peak (marked by LES) changes if the pulse is shortened. b)
and c) show the results of the simulation that is averaged over the focal volume and the CEP. d) is taken from [99] where the
position of the LES peak as function of the pulse duration has been investigated in detail. Dots with error bars are experimental
results obtained in Krypton for U, = 20 eV (green) and U, = 25 eV (orange) and Argon for U, = 31 eV (red circles). Black
triangles are the results of the classical simulation [123]. The lines are results from an analytical model based on the soft-
recollision [99]. e) shows the data from [99] and simulated data from SCM model as implemented here. Thereby, the pulse

duration of data from [99] has been converted to match the definition of the field here.

The agreement between experimental data and the SCM simulations, which is confirmed in Figure 4.15, Figure
4.16 and Figure 4.17, supports the statement that SCM reproduces low-energy features on a qualitative level
reasonably well. In addition, it shows that the low-energy features are strongly governed by the laser field. The LES
peak position is independent of the atomic target and if measured in units of the pondermotive potential U,
independent of the used wavelength and intensity of the used laser. With that, we continue to trace the observed

changes in the PMD to the field-governed trajectories.
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4.5.3 Tracing the Influence of the Pulse Duration to the Trajectory

The previous chapter illustrates the qualitative agreement between experimental data and the SCM. Major
features of the PMD, e.g. the LES peaks, the high-energy plateau and the “Fork” are reproduced and behave as one
would expect from the SCM if the pulse duration is reduced. At the same time, it is obvious that the SCM
oversimplifies some aspects. E.g. the experimentally observed “Spider” structure is absent in the theory due the
neglected interferences between different electron orbits. Further, the direct contribution to the PMD yields a too
wide distribution in the direction perpendicular to the polarization of the linearly polarized field which might be
due to neglecting the influence of the binding potential on the direct trajectories. Despite these mismatches, the SCM
is well suited for gaining insight into the interaction as its basis on classical trajectories in the field allows an easy

and straightforward interpretation.
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Figure 4.18: Tracing the influence of the pulse duration to the trajectories

a) and d) show the field around the peak of the envelope of the long pulse and the short pulse for two different CEPs. b) (long
pulse) and c) (short pulse) are two-dimensional histograms of the return velocity and travel time. While the long pulse allows
high-order returns, i.e. long travel times, to significantly contribute to rescattered contribution of the PMD, this is naturally
not supported by the short pulse. Thus, the two-dimensional histogram in e) exhibits a higher yield for short travel times and
lowered yield at longer travel time. The argument is further supported by e) and f) where the histogram of the travel time is

shown. For the long pulse in c), also long travel times contribute while only short travel times contribute in f).

In Figure 4.18, the SCM simulations are used to trace the changes in the PMD to the time-dependent shape of the
laser field. Therefore, the fields for the long pulse and the short pulse are compared in Figure 4.18 a) and d). Two-
dimensional histogram of the travel time and the return velocity are shown in b) and c) for the long pulse and the
short pulse, respectively. They reflect that the long pulse naturally supports longer travel times while for the short

pulse only short travel times contribute to rescattering, see c) and f) also. In addition, the shape of the field alters
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the timing and thus influences the momentum distribution of the rescattered contribution directly as the vector
potential at two times is relevant for the final momentum, i.e. A(t;) and A(tl) as, vgc(é?, tf, ts) = —A(ti) + [A(ti) -
A(ts)][cos(H) e, + sin(@) ey], is involved for these trajectories. Reducing the duration of the laser field to a few

optical cycles, changes the combinations of A(t,) and A(ti) that contribute. The sharp peaks in Figure 4.18 c) are
related to the soft recollisions where the return velocities is very low such that the model pics these rescattered
trajectories with high probability. Comparing to Figure 4.18 f) for the few-cycle field, these trajectories are heavily
suppressed as the few-cycle does not support these trajectories. Again, the reason lies in the accessible combination
of starting and return times which are governed by the shape of the field.

Particularly, Figure 4.18 b) and e) are interesting from another point of view. The presented histograms illustrate
the probability for returning with some return velocity at some travel time after the starting time. From this, regions
with high |v,| = |A(t,{) — A(ty)| are limited to a short time interval around t{~0.6T. Employing so-called laser-
induced electron diffraction (LIED), in a few-cycle field with controlled, carrier-envelope phase, it is imaginable that
reading of the photoelectron yield at different final energies can gives access to the scattering cross-section over a
time-span which is longer than one optical cycle. Further, one might envision pump-probe measurements where a
short pump pulse starts some molecular stretching dynamics and LIED in CEP controlled few-cycle probe pules is

used to follow the stretching dynamics over an extended range of pump-probe delays.

4.6 Conclusion and Outlook

In conclusion, the velocity-map imaging (VMI) technique has been used to compare three-dimensional
photoelectron momentum distributions (PMDs) from strong-field photoionization of Xenon by short-wavelength
infrared (SWIR) laser fields. Besides enabling the experimental observation of several features in the PMDs that are
characteristic for this wavelength range e.g. spider-like holograms and low-energy structures, the measurements
motivated the experimental and theoretical investigation of a pronounced fork-like structure, the so-called off-axis
low-energy structure (off-axis LES). It appears close to right angle to the field’s linear polarization. Comparing
measurements with many- and few-cycle fields, demonstrated strong susceptibility of the fork and other features
to the pulse duration of the ionizing laser pulse.

The performed semi-classical simulations show that on- and off-axis LES features are supported by the semi-
classical model of strong-field ionization (SCM) and that they can be traced to electron trajectories which scatter off
the atom before they reach the electron detector. To this end, the SCM got augmented by: (i) Rescattering
trajectories which are substantially longer than one optical cycle. (ii) A scattering cross-section that depends on the
scattering angle as well as on the scattering velocity and (iii) by a proper method to normalize the weight between
returns of different optical cycles (return order) which takes the angle- and velocity dependence of the scattering
cross-section into account.

During the analysis, it has been pointed out that the velocity- and angle-dependence of the scattering cross-section
leads to the situation that trajectories with long travel times and low return velocity (i.e. the “soft-recollisions”) can
have higher yield than trajectories with shorter travel time but higher return velocity (i.e. the “hard recollsions”).

The contributions from electron trajectories of this kind lead to on- and off-axis low-energy features in the PMD that
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are particularly prominent for strong-field photoionization by infrared fields. Simulations for the few-cycle field
could show that the experimentally observed changes in the PMD occur as the few-cycle field does naturally not
support the these trajectories with long travel times. Altogether, these findings put the low-energy features in
above-threshold ionization onto the same footing as e.g. high-energy features such as the plateau.

For future work, it might be interesting to control the shape of the laser field with sub-cycle resolution by e.g.
using the CEP in few-cycle pulses. Besides more detailed insight into low-energy scattering phenomena,
investigation of the CEP dependence might lead to approaches for CEP measurement of few-cycle short-wavelength
infrared (SWIR) fields similar to as it is done based on with high-energy rescattered electrons at shorter wavelength
of the ionizing laser [135] [7]. Working towards sub-cycle control of the laser field can also be beneficial for laser-
induced electron diffraction where it can be used to tailor the time-dependent velocity distribution of the returning
electrons in such a way that laser-induced electron diffraction signals over an extended or tailored time window
could be measured. Further, one might envision the use of laser-induced electron diffraction in CEP-controlled few-

cycle fields to follow molecular dynamics over an extended time interval using pump-probe schemes.
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5 Probing Strong-Field Photoionization of a Beam of H at Short-Wave
Infrared Wavelength

5.1 Introduction and Outline

The interest in strong-field photofragmentation of small diatomic molecules has been stimulated by the discovery
of new phenomena in strong-field ionization of atoms such as above-threshold ionization (ATI) [1] in 1979. Due to
the additional rotational and vibrational degrees of freedom, photo fragmentation of diatomic molecules leads to
several additional phenomena [136] [18] [137], for which the hydrogen molecular ion, H, and it’s isotopologues,
D, as the simplest diatomic molecule serve as the benchmark systems.

The interaction of H¥ with a strong laser field can lead to multiphoton/strong-field dissociation (Hf - H + H*)
and ionization (Hy - H* + H* + ™). For each fragmentation channel, several phenomena have been observed and
are investigated using steadily improving measurement techniques as well as the expanding range of accessible
experimental parameters in laser intensity, wavelength and pulse duration. To name a few examples for each of the
channels, without having the aspiration of giving a complete list, dissociation is related to the phenomena of bond-
softening [24], bond-hardening/vibrational trapping [138], zero-photon dissociation [139], laser-induced
alignment [140] and above threshold detachment [141] [21]. For ionization, enhanced ionization, Coulomb
explosion [142] and frustrated tunnel ionization are of relevance. More recently, coupling between electronic and
nuclear dynamics particularly for ionization is catching the interest of investigations [143] [75] [39] [144], as well
studies where the sub-cycle shape of the laser field is used to control the fragmentation exploiting, e.g. the carrier-
envelope phase [145] [15] or the relative phase between two-color fields [146].

As mentioned, measurement techniques on strong-field fragmentation of H have become more differential and
“cleaner” over time. In order to structure them, the method of H5 preparation can be used. In the early days, , strong-
field photoionization of H, has been used to create H as a transient species during the same laser pulse that probes
the dynamics in H5. Typical measurement quantities have been photoelectron or ion energy spectra. It is clear that
this method of Hj preparation and variants of it ( e.g. pump-probe schemes), require some modeling on the creation
of Hf from H, in order to have a hand on initial conditions for the interaction between H; and the field. However,
this is typically not trivial as strong-field photoionization (SFI) of Hf from H, creates a coherent vibrational wave
packet in the Hj ion, which will not have dephased when the interaction between the field and H; starts only atto-
and femtoseconds later. Therefore, interpretation of experimental results that use this scheme can be difficult.

Nowadays, modern Ion Target Recoil lon Momentum Spectroscopy (ITRIMS) setups [14] [15] [83], see chapter
3.4.1, use coincidence imaging techniques to measure three-dimensional vector momenta of all fragments from
strong-field fragmentation of an ion beam of HF molecules. This means, for dissociation Hf - H + H*, the
momenta of the proton, p,+, and the hydrogen atom, py, are measured. For ionization Hy -» H* + H* + e~ the
proton momenta, p; and p,, and the electron momentum, p,, can be measured [83]. In these ITRIMS setups, HJ is
typically created by electron impact ionization of H, in an ion source. Afterwards, it travels for several microseconds
from the ion source to the region where it interacts with the laser. Thus, the initial distribution of vibrational states

can well be approximated by an incoherent sum where the population follows a Franck-Condon distribution of an
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electronic transition from H, to HY. This removes the necessity of modeling the initial step of Hy creation by the
laser, but it is on cost of experimental complexity as handling of a low density ion beam is necessary.

Independent whether an ion beam has been used or not, the vast majority of existing experimental studies have
been done at laser wavelength in the visible and near-infrared spectral range below 1 um. With recent advances in
laser technology, measurements at infrared wavelength are now possible. Despite curiosity and experimental
availability, investigating fragmentation dynamics of H5 using strong infrared fields is motivated by the idea that a
strong external laser field forces the motion of the electron to the optical cycle. If the optical period is long enough
such that the nuclei can significantly move during one cycle, interesting phenomena of coupled electron nuclear
dynamics might be expected for dissociation and ionization.

Here, the Jena ITRIMS setup is used together with the output of the optic parametric amplifier to study intensity-
dependent strong-field fragmentation of an HJ ion beam target by a laser field with short-wave infrared
wavelength. The measurement contains intensity tagged vector momentum data of events of the two fragmentation
channels, dissociation Hf — H + H™, and ionization, Hf — H* + H* + e~. However, the discussion of data analysis
as well as modeling of the interaction focuses on the ionization channel.

In section 5.2, details on the measurement setup are shortly reviewed together with improvements, which have
been realized during this thesis. Specifically noteworthy is section 5.2.1 where the possibility to extract the
momentum of the photoelectron p, from the measurement of the two proton momenta, p; and p,, using
momentum conservation is demonstrated. It opens the opportunity to gain insight into correlated electron nuclear
dynamics by investigation of p, in dependence of the correlated proton momenta. With the aim of keeping the
modeling simple while the fundamental dynamics are captured, a one-dimensional two-level model on strong-field
photoionization of Hf is proposed in section 5.3. It considers the nuclear dynamics by coupling of two electronic
levels in the time-dependent external field and takes ionization into account using sets of quasi-static ionization
rates, which are sensitive to the internuclear distance, R, and the instantaneous field strength, |E|. As natural for a
one-dimensional model, rotations are neglected. Two versions of the model, which use different sets of ionization

rates, are compared to the measurement results in section 5.4. The results of the investigation are concluded in 5.5.

5.2 Intensity Dependent Ionization of a Beam of H} at Short-Wave Infrared

Wavelength

The measurement combines the output of the femtosecond OPA, see section 2.3, with the ITRIMS setup that has
been presented in chapter 3.4. More details on the ITRIMS are documented in [21] [70] [69]. The next chapters focus
on implemented improvements and measurement procedures which have been realized here. Further, some
experimental effects that are relevant for interpretation of the measured data are addressed.

In order to remind the reader, Figure 5.1 shows a combination of two previous figures from section 3.4. A sketch
of the ITRIMS setup is shown in Figure 5.1 a) and an example of the measurement result on strong-field
fragmentation of H; can be found in Figure 5.1 b). As mentioned, the result of the measurement are two lists of
triples, {p1, P2 Io};, of i identified valid ionization and k dissociation events, {py+, Py, lo}x- Each contains the
momenta of the two heavy fragments, i.e. protons, p;,p, for ionization, and p,+,py, for dissociation and

corresponding value of the peak intensity of the laser, I,. The opportunity of automated scanning and tagging of the
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peak intensity has been added to the ITRIMS setup during this thesis. Details of the realization are presented in
5.2.2.
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Figure 5.1: Reminder of ITRIMS principle and the typical measurement results

a) shows fragment detection scheme in the ITRIMS. The ion beam comes from the left and crosses the laser beam at an angle
of 90°. Due to the initial velocity of the ion beam, the fragments continue to fly towards the position and time-sensitive delay-
line detector where the measurement of impact time and position is the basis for determination of the fragment momenta.
Longitudinal and transversal static electric fields that are not drawn, separate the fragments in space and time on the detector.
Created photoelectrons are not detected. The symbols illustrate fragments, (e) - electron, (p) - protons and parts of the
ITRIMS setup. b) illustrates experimental results of strong-field fragmentation of a beam of H ions. A two-dimensional
histogram projected into the plane of the linear polarization of the laser is shown. The polarization of the laser is parallel to
Dy lonization events have larger proton momenta than dissociation events and are found in the outer region of this plot while

dissociation events are found in the inner region.

Binning of the individual events to one or more dimensional distributions and spectra using MATLAB enables the
analysis of differential rates on fragmentation channels (here ionization or dissociation) of interest. An example for
such a result is given in Figure 5.1 b). A two-dimensional momentum distribution after strong-field fragmentation
of Hf projected into the plane of the linear laser polarization is shown. The plot contains data on dissociation
(encircled green, lower momenta) and ionization (encircled red, larger momenta). Events from all peak intensities
are taken into account or in other words, it is integrated over the distribution of peak intensities which have been
present over the time of the measurement. The linearly polarized laser is aligned parallel to the x-axis of the
coordinate system.

The fact that dissociation events are found at lower momenta reflects that their kinetic energy release (KER) is
smaller compared to the KER of ionization. The KER distribution of ionization, i.e. the yield as function of Exzp =
(p1 — p2)?/2my+ following the derivation in 3.2.3 is analyzed in detail and compared to simulations in section 5.4.
The angle, 9, in Figure 5.1 denotes the angle between the orientation of the linear polarization of the laser and the
vector p, — p, (for ionization) respectively, py+ — py (for dissociation).

The overlaid arrows and symbols in Figure 5.1 b) are exemplary for one specific dissociation and one specific
ionization event within the histogram. They illustrate that all events are given within the center of momentum frame
of all dissociation events, i.e. all momenta are given relative to Y, (py+ + Py)i = Xk Poj, = Po = MV, = 0 with M =
my+ + my+ + m,- using the notation of chapter 3.2.3. Using this reference, leads to the fact that the sum
momentum p; + p, of an individual ionization event is shifted with respect to P, as it is indicated by the white

arrows. This shift can be used to infer the corresponding electron momentum as momentum conservation yields,
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P1 + P2 = —P., as discussed in 3.2.3. However, the precision of this method depends on the initial momentum
spread of the incoming Hy molecules of the ion beam target. This spread can be characterized using the dissociation
data of H. To that end, one employs that laser-induced fragmentation does not change the total momentum if the
momenta of all fragments are measured, i.e. p, = py+ + py where p, is the initial momentum of an individual Hy
molecule. Thus, analysis of the measured distribution of p, = py+ + py can be used to characterize the initial
momentum spread of the ion beam target. Details of the procedure are given in section 5.2.1.

In section 5.2.3 several experimental effects, i.e. the event rate, focal volume effects and the saturation intensity,
chirp, carrier-envelope phase, and the distribution of initial vibrational states, which are relevant for interpretation

and analysis of the experimental results are addressed.

5.2.1 Measuring the Electron Momentum without Detecting It

Kinematic complete measurements, i.e. measurements where the momenta of all fragments are measured in
coincidence, yield deep insight into laser-induced fragmentation dynamics and are thus highly desirable. While such
measurements are regularly done for laser-induced fragmentation of neutral targets using COLTRIMS (measuring
the electron and the corresponding recoil ion), they are less common for laser-induced fragmentation of ion targets
in ITRIMS setups. For the case of the prototype reaction of SFI of a beam of Hy ions i.e. for Hf > H* + H* + e~
(measurement of the two proton momenta, p;,p, and the electron momentum, p,), only one realization of a
kinematic complete measurement [75] [83] exists. Major reasons for this limited number of realizations are the
necessity of detecting a three-particle coincidence, experimental complexity (ion beam handling, electron detector,
ion detector), low density of the ion target (signal to noise for the electron measurement) and the initial momentum
spread of the ion beam target (high temperature) which is comparable to the typical size of the momentum kick
that is acquired by the electron for the typical laser wavelength of 800 nm [83].

Here we demonstrate an experimental method to measure the electron momentum without detecting it. To that
end, we use momentum conservation, p; + p, = —p,, to infer p, from the measurement of p; + p,. Not detecting
the electron significantly reduces experimental complexity, but is at the cost of resolution for the electron
momentum as p, obtained by this method is blurred by the initial momentum distribution of the target. Therefore,
the method becomes particularly successful if laser fields with infrared wavelength are used as is demonstrated.

As said, inferring p, from the measured p; + p, is blurred by the initial momentum distribution of the target
beam. In order to characterize the effect of this blurring, we employ that laser-induced dissociation of H; fulfills
momentum conservation p, = py + py+ as discussed in chapter 3.2.3. It means that the measured sum momentum
of the two dissociation fragments is equal to the initial momentum of the H; molecule before the interaction with
the laser. Making histograms of the measured p, along each coordinate axis, D, (pox), Dy (poy), D,(pyz), in the laser
frame of reference (linear polarization a long the x-axis ) yields the plot in Figure 5.2 a). Fitting normal distributions

to each gives an estimate for width as the standard deviation along each direction. They are, Ap, = g, = 0.53 a.u.,
Ap, = 0, ~ 0.43 a.u, and Ap, = g, ~ 0.43 a.u.. Altogether, Ap, = (07 + 02 + 022)1/2 ~ 0.79 a. u. is the spread in an
arbitrary direction. The related energy uncertainty is Ap?/2 ~ 0.31 a.u.= 8.2 eV. This experimentally determined

spread of p, compares well to estimates that are based on the velocity of the ion beam and on the size of collimating

apertures together with the size of the laser spot, see [21] [70] [69]. Typical values for the initial spread in
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COLTRIMS under ideal conditions are on the order Ap = 0.01 a.u. to Ap = 0.1 a.u. depending on the target atom

and the orientation of the supersonic gas expansion.
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Figure 5.2: Measuring the momentum of the electron without detecting it

a) shows the distribution of the sum momentum of dissociation events projected along different directions within the laser
frame of reference. The direction of the linearly polarized laser is along the x-axis here. b) shows the same as in a) but for
ionization events of this measurement. ¢) and d) show the intensity dependence of the photo electron spectra within a narrow
cone around the polarization axis of the of two different measurements, c) for a 1.8um-50-fs laser and d) for 0.8um-35-fs
laser. The color bar is the logarithm of the normalized spectrum for each intensity. White dots are the energy at which the
normalized spectra drop below 10~3. The white line is a smoothing of these points based on a moving average. For c), this
line increases with intensity for low intensities until it saturates starting around the saturation intensity 0.35 PW/cm?. For
d), the interpretation of the data is not as clear as due to the shorter wavelength, the energy due to the kick from the laser is

not much larger than initial momentum spread of the ion beam. However, it seems as saturation is still visible.

Comparing the determined Ap, to expectations on the magnitude of the electron momentum in SFI, |p,|, for
typical field strength of E, = 0.1 a. u. shows that the measurement is strongly blurred by the initial distribution if
ionization by a 800 nm laser is considered. For this case, one has |p.| = |+A(t,)| = |Ey/w| = [0.1/0.057| =
1.75 a.u. for a direct electron. The situation becomes better if 1800 nm are used i.e. |p.| = |0.1/0.0253| = 3.95 a. u..
The behavior is illustrated by the distribution of ionization events for a measurement at 1800 nm in Figure 5.2 b)
where the momentum distribution parallel to polarization reaches approximately this width. The corresponding
intensity dependence of the inferred electron energy spectra based on this method are shown for 1800 nm in Figure
5.2 ¢) and for 800 nm in Figure 5.2 d). The 1800 nm data shows the expected behavior of increasing width of the
electron energy spectrum for increasing intensity. The interpretation of the intensity-dependent electron spectra
of the 800 nm measurement is less clear, see the figure caption for details.

Altogether, if the ionizing laser has a sufficiently long wavelength, i.e. if the transferred momentum kick to the

electron is large enough, measuring the sum momentum of both protons yields access to momentum of the
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photoelectron without detecting it. The photoelectron momentum distribution, which is obtained in this way, is
blurred with the initial momentum spread of the ion beam, which decreases the momentum resolution for the

electron momentum.

5.2.2 Automated Scanning and Tagging of the Pulse Energy during the Measurement
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Figure 5.3: [llustration of pulse energy control and pulse energy tagging

a) Temporal evolution of the measured signal from the energy meter while the pulse energy is looped and tagged. b) Example
of the histogram of pulse energies at the end of a measurement. All laser shots (blue curve); Shots with ionization events (red
curve) and dissociation events (yellow curve), sum of ionization and dissociation events (purple curve). Note that the curve
for all laser shots is divided by 1000 in order to show all curves on the same scale. c) Events per laser shot for ionization,

dissociation and the sum of both. Experimental parameters in the shown example are wavelength, 4 = 1800 nm, pulse

duration T = 48 fs.

The measurement setup has been augmented by tagging and automated scanning of the pulse energy. To this end,
the method of controlling the pulse energy without changing the focal spot or pulse duration as presented in
attachment A1 is used .The pulse energy of every single laser shot is saved together with other measurement signals
which enables subsequent binning and filtering of the measurement results according to the peak intensity of the
laser pulse using the measured properties of the focal spot and pulse duration. Here we turn to the details of the
implementation.

Tagging of the pulse energy is achieved by digitization of the output voltage of an every-single laser shot pulse
energy meter. A calibration measurement connects the digitized voltage signal with the pulse energy in the target,
see section 3.4, respectively Figure 5.3 a) for the optical setup. Scanning of the peak intensity is realized using a
motorized and computer controlled mount to rotate a half wave plate in front of a combination of reflective and
transmissive polarizers. Motor control over the time of the measurement is done using a MATLAB software in which
a list of motor positions together with a resting time for the corresponding position is defined. During the
measurement, the motor loops over this list sequentially and thus, the peak intensity changes continuously while it
is tagged and recorded automated.

The scheme described here has two advantages. i) Continuously looping over the full range of available intensities
at a frequency of several minutes while the full measurement time is on the order of hours and days ensures that
the measured data contains the full range of peak intensities independent whether the measurement is stopped in

case of a failure. ii) In addition, drifts, e.g. of the ion beam current or the energy of the laser, which would affect one
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part of the measurement more significant than others if a single intensity sweep is done are avoided by repeatedly
sweeping intensity. Further, having the option to adjust the resting time at some intensities, gives the opportunity
to achieve a more homogenous distribution of counts over the full intensity range by spending more measurement
time at lower intensities where the yield is lower. In this way, the measured differential rates that are obtained at
different intensities can be compared with similar statistics.

However, following an arbitrary path with the peak intensity over the measurement time, yields an
inhomogeneous distribution of laser shots at the end of the measurement, see Figure 5.3 b). In order to have access
to the number of events per laser shot (event rate) as shown in Figure 5.3 c), it is necessary to renormalize the
number of events within an intensity bin by dividing it through the number of laser shots that have been taken at
this intensity position. The resulting event rate of ionization and dissociation increase with increasing peak
intensity. While the event rate of dissociation is very steep and then increases slowly, ionization has a high slope
over a large intensity range. It can even overtake the dissociation rate. In the region of highest intensity, both curves
have almost equal slope. The observed intensity dependence of the event rate is not only governed by the intrinsic
intensity dependence of the probability for ionization or dissociation of H, but it is also influenced by effects that
originate from the fact that the experiment averages of the intensity distribution within the focal volume [147]. This
focal volume effect will be analyzed in detail in the next section.

Altogether, a method for automated scanning and tagging of the peak intensity in the measurement has been
demonstrated. It is used to investigate the intensity dependence of strong-field photoionization of H; at infrared

laser wavelength.

5.2.3 Relevant Experimental Effects in Detail

The typical parameters to characterize the laser field in strong-field laser-matter interactions are the peak
intensity, I;, the intensity full-width half-maximum pulse duration, 7, and it's central wavelength, 1. However, it is
well known that measurements are affected by several second order effects such as the focal volume, saturation
intensity, chirp of the laser pulse, it’s carrier-envelope phase and the distribution of initially populated vibrational
states see, e.g. [21]. Here, some important effects and experimental limits are addressed as these are relevant for

analysis and interpretation of the measurements.

Event Rate

The event rate, €, is the number of detected coincidence events per unit of measurement time. Due to limits in
measurement time, it sets limits on the available statistics of the measurement. Here its dependencies on several
variables is investigated. Thereby, the goal is to identify the most limiting variable and to provide approaches for
increasing the event rate for future work. Thereby, theoretical expectations are compared to observations made
during the measurements.

€ is proportional to the number of particles that overlap with the laser beam per laser shot, Ny, to the laser’s
repetition rate, f,,, to the intrinsic probability of the investigated process, Pp;zess, and to the detection probability,
D. Pp,ozess is related to the cross-section of the investigated process and depends on the experimental conditions

such as the laser’s peak intensity, wavelength or pulse duration. N, can be decomposed into two more factors,
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which are the focal volume, V,, that overlaps with the ion beam, and p, which is the homogenous density of the ion
beam. Thus, altogether, the event rate is proportional to, € & p - Voc * D * Pprogess * frep-

A major limit for ITRIMS measurements comes from p of the target. An analysis of limits can be found in [21]. Here

we estimate it for typical conditions in the measurement using p = C\/mion/ABq\/ZBkin. Assuming an ion current
of C = 10 nA, a cross-sectional area of Az = 0.1 mm? and an ion beam energy of By;,, = 9 keV and for H with ¢ =
e (e, being the elementary charge) and m;,, being the mass of H, one finds, p = 6 - 10* particles/cm3. Increasing
this number is primarily limited by the current, which is available from the ion source. Other effects such as space
charge issues, which would influence the measured momentum due to the repelling Coulomb forces between
different particles play a minor role and are not a limit at ion densities below p < 107 particles/cm3. A density on
the order of p < 105 particles/cm? in the Jena ITRIMS setup is several orders of magnitude smaller than densities
that are available for neutral targets such as gas cells (p = 107 particles/cm? and more), or cold supersonic gas
jets p < 101! particles/cm? as in a COLTRIMS. Thus, ITRIMS experiment are hard to realize and are very time
consuming compared to e.g. COLTRIMS or VMI measurements.

The influence of V¢, on the event rate is estimated next [147]. The volume within a Gaussian laser focus of spot
size, wg, peak intensity, I, and Rayleigh range, z., = mw?/A, which overlaps with a cuboid of edge length, z,, is
approximately V, (Iy, Isq.) = nw2z.zIn(l,/I). The ion beam crosses the laser beam perpendicular to the laser’s
propagation direction and is assumed to have a cuboid shape. Using the volume function, V, (1, I4:), one can
calculate the volume within the focus where the intensity is higher than a certain saturation intensity, I,;, below
the peak intensity, I,. For typical conditions, which are sufficient to reach I, ~ 101> W/cm? using the present setup,
i.e.wp = 0.024 mm, zz = 1 mm, A = 1800 nm, this gives V,(Iy/Isq; = 100) = 4.2 - 107® cm3. Together with the ion
beam density, one finds that Ngpor = Voo p = 4.2-107¢ cm?® - 6+ 10* cm ™3 =~ 0.2 particles are hit by the laser
beam per laser shot at an intensity higher than Iy, ~ 10 W/cm?. Lowering I, by a factor of 10 lowers Ng,;
roughly by a factor of 2, i.e. Ngp, = 0.1.

Next, we have the coincidence detection probability, D. The probability for detecting a single particle with a typical
microchannel-plate (MCP) delay-line detector is on the order of 0.3 due to the limited open area ratio of the MCP.
Thus, for a two-particle coincidence D is D = 0.3% = 0.09. In order to keep the estimate simple, it is assumed that
Pprozess(I > Isqt) = 1. Altogether, one finds €~0.018 - Pp,.o4ess Per laser shot which leads to € = 18 Hz atarepetition
rate of 1 kHz if an ion beam current of C = 10 nA is achieved in the target area. In many cases, C = 1 nA is more
realistic, thus € = 2 Hz or €é~0.002Pp, .55 per laser shot is feasible. Thus, if 10° coincidence events are desired, a
typical measurement time is on the order of several hours up to days.

The estimation of the event rate compares well to the experimentally observed values shown in Figure 5.3 c). This
low number for the event rate illustrates that ITRIMS measurements using current kHz laser technology with good
statistics is more challenging compared to typical COLTRIMS or VMI measurements. The measurement times
become very long and are on the order of hours and days up to weeks depending on the requirements of the
statistics. During this time, stable operation of the laser and the ion beam is required. Further, the processes, which
can be investigated are required to have an intrinsic probability, which is close to one, Pp;,,0ss = 1, as lowering this
factor, would lengthen the measurement times even further. This fact sets limits on the parameter range that can
be investigated within a reasonable amount of time as, for example, lowering the intensity or shortening the pulse

duration can dramatically reduce Pp,;¢zess-
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Obvious approaches to improve this situation are: (i) Increasing the ion beam density, (ii) increasing the volume
where the laser overlaps with the ion beam (on both side, ion beam and laser beam) or (iii) increasing the average
power of the laser (higher repetition rate at the same pulse energy). (i) Might be achieved by using an ion source
that delivers higher current or by the use of a source that delivers ion bunches that are synchronized with the
repetition rate of the laser. (ii) Is a more gentle, less elaborate approach but is on cost of peak intensity if the average
power of the laser is not increased. Still, it might be employed for intensity scans by shifting the focal position with
respect to the position of ion beam, using the so-called z-scan method, [147]. (iii) Requires progress in femtosecond

laser technology, which are currently underway.

Focal Volume Effect and Saturation Intensities

It is well known that measurements of strong-field processes are affected by the intensity distribution in the focus
of the laser beam. Thereby, the so-called saturation intensity, I,;, which is the intensity above which the probability
for a certain strong-field process is 1, plays a central role. Here, the intensity dependence of an ITRIMS measurement
is used to determine Iy, for ionization and dissociation of HY by A = 1800 nm, t = 48 fs pulses. Thereby, we
illustrate the focal volume effect.

We start by considering the time- and space-dependent intensity distribution, I(x,y, z, t) = I,f(t)g(x, y, z). Here,
I, is the peak intensity, f(t), the time-dependent electric field, g(x, y, z) is the spatial intensity distribution in the
focal spot. Modeling f (t) by a temporal Gaussian and further modeling g(x, y, z) using the approximation of an ideal
Gaussian laser spot, one can give the peak intensity, I, = 1.88¢/mtw? as function of the pulse energy, ¢, the pulse

duration, 7, and the waist, wp, of the focal spot, see attachment Al. Last but not least, the Rayleigh range, z,r =

nw# /A, is needed to determine g(x,y,z) precisely. Using the radial coordinate, r = \/x2 + y2, the three-
dimensional Gaussian intensity distribution in the focus is, g(r,z) = Iy[wg/w(2)]? exp(—2r?/w?) with w(z) =
WF\/W. This spatial distribution is crossed with the volume of the ion beam, b(x, y, z), which we assume
to be a cuboid of homogenous density as in the previous consideration on the event rate. The cuboid is infinitely
long along the direction of the ion beam, i.e. the y-axis, and of limited size for the other two directions, d, = d, =
450 um. Experimentally, the extension along the x- and the z-direction is controlled by the opening of the adjustable
apertures labeled with (m) in Figure 3.4.

Having defined a geometry of the ion beam, one can now use a Monte-Carlo method to calculate the volume,
Vis1e0: (Ios Isat), which overlaps with the laser beam, g(r, z), and has an intensity, I, which is higher than I, for a
given peak intensity /,. Scanning I, in the Monte-Carlo calculation yields the dots in Figure 5.4. Comparing the
Monte-Carlo result to an analytical expression for volume functions [147] shows that the intensity dependence of
the Monte-Carlo result fits extremely well to the analytical expression for a thin target that has a thickness of d, =

0, is located at z = 0, and is not limited along the other dimensions,

1) r) = atog (), (5.1)

Isat

1
Vit Uos Tsar) = 5 78 1og

Isat

see Figure 5.4 a). Therefore, it is justified to use equation (5.1) as analytical expression for the target volume with
an intensity which is higher than Ig,;. Recalling the ratio between the waist of the spot, d,/wyr = 19, this might not
be surprising. However, it was worth to in view of the fact that the ratio between the experimental Rayleigh range,

z,.r = 1 mm, and the size of the targetis d,/z,r = 0.46 only.
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Figure 5.4: Intensity Dependence of the Event Rate due to Volume Effect
a) shows a comparison between volume functions within different approximation of the target geometry from [147] in
comparison to a Monte Carlo simulation, see text for details. b) illustrates the fit of (5.1) to the measured sum of ionization

and dissociation events per laser shot. c) Fraction of ionization events per laser shot as function of intensity.

The observation of a very flat intensity dependence for the event rate of dissociation almost over the whole
intensity range suggests that even the lowest peak intensity in the measurement, Figure 5.3 c), might be close to or
even higher than the saturation intensity for dissociation, Is,;p;ss- Further assuming that I,;piss < Isaeron allows one
to fit a function with the form of equation (5.1) to the measured intensity dependence of the sum of ionization and
dissociation events per laser shot. Taking the sum of ionization and dissociation events is justified by the idea that
dissociation saturates before ionization and thus, the ionization volume must only be added to the dissociation
volume. The result of the fit is shown in Figure 5.4 b) together with the experimental data. The determined value
based on the fit is Iy piss ® 7 X 1012 W/cm? for the data in the example measurement (A = 1800 nm, pulse
duration 7 = 48 fs).

The saturation intensity of the ionization process, I;4¢;0n, Can be estimated using the observation that ionization
overtakes dissociation until both event rates grow with very similar slope in Figure 5.1 c). Plotting the fraction of
ionization, i.e. the ionization yield curve divided by the sum of the dissociation and the ionization in Figure 5.4 c),
shows an almost constant ionization fraction for high peak intensity while at low peak intensity a steep increase of
the ionization faction is observed. The behavior can be understood by considering that the volume of ionization and
dissociation grow evenly, once the peak intensity is higher than the saturation intensity of both processes. This
statement can be checked by calculating the derivative of (5.1), i.e. df (I;)/d1, = a/I,, which is independent of Iy;.
Identification of the crossing between the tangent of the steep increase of the ionization fraction and it’s constant
region gives an estimate for the saturation intensity Is5:0, ~ 3.5 X 101 W/cm?.

[ the peak intensity is higher than the saturation intensity, differential momentum distributions of ionization or

dissociation are expected to be less sensitive to changes of peak intensity.

Chirp
The characterization of the idler beam from the TOPAS in chapter 2 shows that it exhibits a negative GDD of several
hundreds of fs? and positive TOD of several hundreds of fs® depending on the exact wavelength. This is only

partially compensated by the propagation through air and the beam path through the optical elements into the
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interaction region of the ion beam apparatus. Thus, the measurements are done with slightly chirped pulses, which
have a longer duration than their Fourier-transform limit. The given values for the pulse duration, t (intensity full-
width half-maximum), are the result of second-harmonic generation autocorrelation (SHG-AC) measurements
performed at the same distance in air and with the same optical elements in the beam path as the laser takes to
reach the interaction region of the ion beam. Thus, the given values for 7, include the effects of the residual GDD and
TOD but the exact frequency dependent spectral phase of the pulse is not specified.

Later on, the measurements are compared to theoretical results which use a cos?-envelope. The duration of the
cos?-envelope is adjusted such that the corresponding intensity full-width half-maximum duration matches the
measured ones. Thus, theory accounts for the stretched envelope due to the chirp but not for the time-dependent
frequency sweep during the pulse which is present in the experiment. The influence of the frequency sweep is
expected to play a minor role for the comparison between measurements and theoretical results as well as for the

interpretation.

Carrier-Envelope Phase
The measured data is not influenced by the carrier-envelope phase (CEP) of the laser pulses as laser pulses with

random CEP have been used in the measurement.

Initial Population of Vibrational States

Alternatively to using an ion beam source, many measurements on strong-field interaction of Hy have been done
using COLTRIMS and starting from neutral H, in a supersonic gas jet. In such experiments, HJ is created from H, by
laser induced photoionization which is typically realized using an additional pump pulse to create Hy from H,. The
pump comes shortly before the probe laser pulse and ionizes H, such that Hy is available in the target at the time
the main pulse arrives, see e.g. for a recent example [41].

A major difference to these schemes and the measurement data here is the initial preparation of the Hj target.
Creation of H using laser-induced ionization of H, causes an electronic transition from H, to Hy which yields a
coherent sum of vibrational states, i.e. a vibrational wave packet that follows coherent dynamics on the Born-
Oppenheimer (BO) potential energy curve of Hy. The exact details of the initial shape and the on-going dynamics
are sensitive to the laser parameters of the pump pulse, e.g. wavelength, intensity, pulse duration. If now, the probe
pulse is used for dissociation (Hf — H* + H) or ionization of HF (Hf —» H* 4+ H* + e7), only very short times later,
i.e. before the nuclear wave packet has dephased, the experimental result contains signatures related to the
temporal delay between the creation of H; from H,. Thus, comparison of experimental data to theoretical results
relies on some modelling or assumptions of this first step including a modeling of the subsequent dynamics. It makes
the interpretation of results more complex.

Complementary to this scheme, in the ITRIMS one starts with a beam of H that is created by electron impact
ionization in a discharge plasma. Due to the long time-of flight between ion source and the interaction with the laser
of several micro-seconds, the H; molecules in the target will have a large spread in time-of flight compared to the
vibrational period of the molecule. Thus, the initial population of vibrational states in the ion beam experiment can
be treated as an incoherent sum of vibrational states, [21]. The initial population can well be described by a vertical
transitions from the vibrational ground state of H, based on the Frank-Condon principle, see Figure 5.5 a) for

illustration. The distribution along the internuclear distance, R, on the BO potential of H5 is the result of the
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incoherent sum of the Franck-Condon distribution. A measurement and comparison to theoretical results of the
distribution of vibrational states after electron impact ionization has been done [148] and is shown in Figure 5.5 b).
This distribution is used to average the theoretical results over the vibrational state in order to enable a comparison

to the experimental data.

11 — b)
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Figure 5.5: Distribution of initially populated vibrational states

a) illustrates how electron impact ionization in the ion source excites H, to Hy. Releasing an electron from the vibrational
ground state (yellow curve) on the Born-Oppenheimer potential of H, (dark blue) excites H, to Hy . Thereby, an initial
distribution of vibrational states, which is well approximated by a Franck-Condon distribution is formed. b) shows theoretical
and experimental distributions of vibrational states after electron impact ionization taken from the given reference. The

experimental curve is used to compare to theoretical results later on.

With the previous discussion of the event rate, focal volume and saturation intensity, chirp, carrier-envelope phase
and the initial population of vibrational states important second-order experimental effects have been clarified.
Particularly the information on chirp, pulse duration, and the intensity distribution in the focal volume as well as
the initial population of vibrational states is relevant for the modeling of the strong-field interaction and should be

taken into account by simulations.

5.3 A One-dimensional Two-Level Model on Strong-field Photoionization of H;

With the aim of keeping the modeling simple while the fundamental dynamics are captured, we propose a one-
dimensional two-level model on strong-field photoionization of Hy here. The results of the simulations are
compared to the experimental data in chapter 5.4 on a qualitative level. As the modeling has several steps and
combines several ideas, we start by giving an overview on it using the structure chart in Figure 5.6. More detailed
explanations can be found in the subsequent sections 5.3.1, 5.3.2 and 5.3.3.

The calculations of the model start from an Eigenstate, (1, R, t) = xy (R, t)@, with ¢, being the 1s0, electronic
Eigenstate and yg (R, t) being the nuclear Eigenstate with quantum number v. The symbols, R and t denote the time

and the internuclear distance, see the top green box in the structure chart in Figure 5.6. As illustrated by the purple
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box in Figure 5.6, from the initial Eigenstate, the dynamics of the bound electronic states due to the interaction with
the external laser field, E(t), with pulse duration, 7, and field strength, E,, are modeled by solving the time-
dependent Schrodinger equation (TDSE) numerically using the split-step method [149]. Thereby, see the cyan box
in Figure 5.6, only the 150, and the 2po, electronic Eigenstate, i.e. (r,R,t) = x,(R, )@, + xu (R, t)¢@,, are taken
into account.

Ionization is incorporated by damping the bound wave function after each step, At, of the split-step algorithm,
using quasi-static ionization rates, I';,, (R, |E(t)|) (one for each electronic state), see Figure 5.6. Applying absorbing
boundaries after each At next, avoids reflections of the wave functions on the edges of the numerical grid along R.
Accumulation of the damping (top orange box, Figure 5.6) due to ionization for every time step yields a R- and t-
dependent population of the molecule’s ionized state, P;,,(R,t), while accumulation of the damping due to
absorbing boundaries (lower orange box, Figure 5.6) is viewed as time-dependent dissociation probability, Py;s(t).

Calculation of W(R,t) = dP;y,(R,t)/dt represents an ionization rate which is characteristic for the laser
parameters T and E, as well as for the initial vibrational state, v. It is the basis for the Monte-Carlo methods which
are used to calculate the corresponding KER spectra and joint electron-nuclear energy distributions (JEDs), see
Figure 5.6 the green box at the bottom. This calculation is repeated for several initial vibrational states, and peak
field strength, see the blue arrow in Figure 5.6. In order to be able to compare to the measurement later on, the
calculation results from the different field strength and initial vibrational states are averaged over the distribution
of field strength in the focal volume as well as over the distribution of the vibrational states taking into account the
ionization probability at the end of the pulse, see Figure 5.6 red arrow and box.

The calculations of the model start from an Eigenstate, (1, R, t) = x;’(R, t)(pg with ®g being the 1sa, electronic
Eigenstate and yg (R, t) being the nuclear Eigenstate with quantum number v. The symbols, R and t denote the time
and the internuclear distance, see the top green box in the structure chart in Figure 5.6. As illustrated by purple box
in Figure 5.6, from the initial Eigenstate, the dynamics of the bound electronic states due to the interaction with the
external laser field, E (t), with pulse duration, 7, and field strength, E,, are modeled by solving the time-dependent
Schrodinger equation (TDSE) numerically using the split-step method [149]. Thereby, see cyan box in Figure 5.6,
only the 1sg,; and the 2pg, electronic Eigenstate, i.e. (r,R,t) = x4(R, )94 + x,, (R, t)¢,, are taken into account.
Ionization is incorporated by damping the bound wave function after each step, At, of the split-step algorithm, using
quasi-static ionization rates, I, (R, |E(t)|) (one for each electronic state), see Figure 5.6. Applying absorbing
boundaries after each At next, avoids reflections of the wave functions on the edges of the numerical grid along, R.
Accumulation of the damping (top orange box, Figure 5.6) due to ionization for every time step yields a R- and t-
dependent population of the molecule’s ionized state, P;,,(R,t) while accumulation of the damping due to
absorbing boundaries (lower orange box, Figure 5.6) is viewed as time-dependent dissociation probability, P;;s(t).
Calculation of W(R,t) = dP;,,(R,t)/dt represents an ionization rate which is characteristic for the laser
parameters T and E, as well as for the initial vibrational state, v. It is the basis for the Monte-Carlo methods which
are used to calculate the corresponding KER spectra and joint electron-nuclear energy distributions (JEDs), see
Figure 5.6 bottom green box. This calculation is repeated for several initial vibrational states, and peak field
strength, see the blue arrow in Figure 5.6. In order to be able to compare to the measurement later on, the calculation

results from the different field strength and initial vibrational states are averaged over the distribution of field
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strength in the focal volume as well as over the distribution of the vibrational states taking into account the
ionization probability at the end of the pulse, see Figure 5.6 red arrow and box.

With that overview we turn to more detailed explanations and illustrations of each step.

single initial Eigenstate, (7, R, t = 0) = pgxy(R,t = 0)
Pg electronic Eigenstate,

corresponding, 1sa,, Born-Oppenheimer potential, U (R)
Xy (R, t = 0) vibrational Eigenstate v on Uy (R)

do for
several
interaction with field, E(t, T, Ey), T pulse duration, E field strength initial

YR ~ x,(R P, + 1, (RO, Loreon

loop over, At peak field
* two-level coupling of 1sa, and 2pay, electr. levels by E(t) using split step method strength

Y@, R, > YRt +At) = xg(R t + Ay + xg (R, t + At) @,
subtract and accumulate ionization from each electr. state
Xou(R t +A8) = x5, (R, t + At) exp[—T,,, (IE(D)], R)AL/2]
accumulate ionization
oy RE+BD) =Py (RE)+ (| Kou(RE+ At)|2 = |X'M(R, t+ At)|2) average over

Pion(R,t + AD)=P; . (R,t+ At)+P, (R, t + At) d.lstrlbutlon of
— vibr. states
apply absorbing boundary and accumulate dissociation and peak field

ion

Xgu(R,t + At) = yg, (R, t + At) exp[—iAtV;(R)] strength in
accumulate dissociation the focal
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Figure 5.6: Structure chart of the one-dimensional two-level model on strong-field photoionization of H, see text for details.

5.3.1 Time-Dependent Coupling of Born-Oppenheimer Potentials in H augmented for Ionization

The one-dimensional two-level model on H strong-field photoionization of HJ neglects rotations and uses the
approximation of linearly polarized laser field that is parallel to the nuclear axis. The total wave function, ¥/(r, R, t),
is approximated using the 1sg, and the 2po, electronic wave functions, ¢, (R;T) and ¢, (R; 1), ie. (R, t) =
Xg(R, )94 + xu (R, t)@,. Having the electronic problem solved, one applies the BO approximation and arrives at the
corresponding field-free BO potentials, U;(R) and U, (R), on which the nuclear wave functions, x,(R,t) and
xu(R,t), evolve, see Figure 5.7 a) for an illustration. As demonstrated in attachment A4.2, the two potentials are
coupled by the external field. The coupled two-level TDSE of HJ in the external laser field, E (t), reads,

- d 1xg(R, t)] _ [TN +Ug(R) E(t)dgu(R)] Xg(R, 1)

la Xu(R, 1) E(t)dgu(R) Ty + U, (R) xu(R, I (5.2)
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Ty = 0%/2udR? is the operator for the nuclear kinetic energy and u = My;Mg/(M, + Mg) = m, /2 is the reduced
mass for a diatomic molecule. m, ~ 1836 is the proton mass and dg, (R) is the R-dependent dipole strength of
1so, — 2poy, transition. In all simulations, tabulated values for U, (R) and U, (R) [150] as well as for dg, (R) [151]
[152] are used.
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Figure 5.7: Time evolution on two coupled BO curves and ionization signal in external time-dependent field.

a) Illustrates the coupling of the BO curves and ionization based on a quasi-static rate in an external field. At each time step, a
“copy” of the nuclear wave function from the other BO potential is added to the field free propagation on the corresponding
BO potentials. The blue line is the BO potential of the 1sg,; electronic state. The red line is the same but for the 2pa;, potential.

The black line is the 1/R, potential, which is relevant when the molecule has been ionized, i.e. the electron is freed. The solid

and dashed line in yellow respectively purple illustrate nuclear wave functions, | Xg(R,t) |2 respectively |y, (R, t)|? at an
earlier (solid) and a later time (dashed). Coupling of the states where the electron is bound is illustrated by the yellow and
the purple arrows. lonization, i.e. the transition to the 1/R potential by the quasi-static rate is illustrated by the black arrows.
b) and c) show the time-dependent evolution of |)(g (R, t) |2 respectively |y, (R, t)|? in the external field in a two-dimensional
plot. The field in the calculation, E (t) in a.u., is shown for reference. It got multiplied by 15 and shifted by 10 a. u. in order to
allow for a convenient visibility in the plot. The shown example includes the effect of ionization using the method as explained

in the next chapter. The quantity, P;,, (R, t), which is representative for the R- and t- dependent population of the ionic state

calculated within this method is shown in d).

Before we continue, we illustrate how the external field couples the two BO potential curves in a time-dependent

manner by formally integrating (5.2),

2R, t) = —i f Ty + Uy R) Ly (R £)dt — i f E()dgu(R)xu (R, £)dE’

N o (53)
2ot = —i [ [Ty + U (R (R, t)dt — i f E(t")dyu(R)xy (R t)dt'.

to to

The nuclear wave function on each of the BO curves is written in form of two summands. The first is representative
for the field-free time evolution on the respective BO potential. The second summand can be understood as kind of
a “copy” of the nuclear wave function from the other BO curve which is “created”. The strength of the generated
“copy” is proportional to the strength of the electric field, E (t), and the transition dipole matrix element, d;,(R), as
well as to the complex amplitude of the wave function on this curve. As the R-dependent wave function is complex
valued, the contributions from the “copy” interfere with the part of the wave function which is already on the
respective BO potential. Thus, the coupling can lead to an enhancement (constructive interference) or suppression

destructive interference) of the probabilities on each of the curves, |y, (R, t")|? or |x, (R, t")|?. Figure 5.7 illustrates
u u g
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the coupling scheme of the two bound electronic states. After this excursion to illustrate the coupling mechanism
between the two electronic levels, we return to continuing with the details of the model.

Numerical integration of (5.2) using the split-step method [149] as presented in attachment A4 allows one to
calculate time-dependent dynamics of H; on the 1so, and the 2pg,, electronic states. In each of these states, the
electron is bound at both or one of the two protons. In order to incorporate ionization (Hf - H* + H + ¢7), which
is a transition to the 1/R-potential Figure 5.7 a), quasi-static field ionization rates, I (R, |E|) and I;,(R, | E|), for each
of states are used. This is done in the following way. If 4 (R, t + At) and x, (R, t + At) denote the wave functions on
each BO potential after each round of the split-step method in A4 with the time-step At, then,

Xg(R,t +At) = x4(R, t + At)exp(—Atly (R, |[E()])/2) 5.4)
Xu(R,t +At) = xy (R, t + At)exp(—Atl, (R, |[E(8)])/2),
are calculated as the new wave functions which are then used in the subsequent time step of the split-step method.
This is done before the absorbing boundaries are applied, see attachment A4 for further details.

The effect of this method for incorporating ionization is very similar to the use of the quasi-static field ionization

rate for atoms that has been described in section 4.4.3. However, it is augmented for each R here. In section 4.4.3,

the population of the ground state, P(t), follows the differential equation, dP(t)/dt = —I'(|E(t)|)P(t). It’s solution
is analytically known, P(t) = Pyexp(— f_tw T'(|E(t")|)dt") with P, being the initial population. Comparing this to the

effect of (5.4) on the R-dependent propabilities P, (R, t + At) = |)(g (R, t+ At)|2and on B, (R, t + At) = |y, (R, t +

At)|? shows that (5.4) is equal to approximating the integral in the exponential of P(t),

t+At

2 2
PuR,t +At) = |xgu (Rt + AD)|" = |xg:(R, t + AD)|  exp (— f Lu(R, |E(t)|)dt’>
t

(5.5)
PLu(R, 6+ At) ~ |x, (R, ¢t + At)|” exp (—Au;,(R, |E(t)|)).
This means that (5.4) introduces a loss of probability in the bound states to a quasi-static field ionization channel.
Back coupling from ionization to bound states as among the g- and the u-state is not supported by this scheme. The
fact that (5.4) is done only after (and not somehow in between) every loop of the normal split-step method is
expected to introduce some numerical error, which is accepted for small enough At.
The time- and R-dependent population in the field ionization channel from the Pg;,,, (R, t) and Py;on (R, t) from

each BO potential is then accumulated by calculating

Pyion(R,t +86) = Poion(R, ) + ([xtg (R, t +80)|* = x5 (R, ¢ + 80)|*) 56

Puion(R, t + At) = Pyion(R,t) + (Ixu (R, t + ADI? — Iy (R, t + AD?).
The second summand on the right hand side leads to summation of the lost probability from each of the bound
states. It ensures numerical stability and conservation of the norms. The full population of the ionized state of Hj is
then the sum of the population from both channels
Pion(R, t) = Pyion(R, t) + Pyion(R, 0). (5.7)

Figure 5.7 d) shows an example for the time-evolution of this quantity. It is clear that summation of the R-dependent
probabilities in (5.7) does not support interference phenomena.

The recorded P;,, (R, t) from this calculation can further be used to calculate a time- and R-dependent transition

rate,
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d
Wion(Rr t) = Epion(Rr t). (5.8)

It gives the information at which time and at which R during the laser pulse the transition from one of the bound
electronic states to the ionized state, i.e. to the 1/R potential of Hj , occurs.

With equations (5.2) to (5.8), one has a one-dimensional two-level model on strong-field photoionization of Hy .
The model uses two BO potentials, which are time-dependently coupled by the external laser field to calculate the
nuclear dynamics on the 1so, and the 2po,, electronic state. Ionization, i.e. the transition of the nuclear wave packet
to the 1/R-potential, is incorporated at each time-step using R-resolved and field-strength dependent quasi-static
field ionization rates, I (R, |E(t)|) and I;,(R, |E(t)|). The result of a single calculation where the molecule is initially
in some vibration state, v, interacts with a laser field, E (t), of peak field strength, E,, pulse duration, 7 ,and center
frequency w, (see (4. 31) and (4.32)) are time- and R-dependent populations, P;,, (R, t), of the ionized state of H.
From P;,,, (R, t) a transition rate, W;,, (R, t), can be calculated. It gives information on the question, at which time
and R the transition from one of the bound electronic states to the ionized state of Hy occurs. Next we use the

reflection principle to connect the R-dependent dynamics with measured kinetic energy release distributions.

5.3.2 Connecting to Kinetic Energy Release using the Reflection Principle

Kinetic

20 3 Energy
E H*+H" +e”
=
10 3
s —
B0 3
]
& Yield
<10
3 ) H+H*
1 \on/lis
IR — X
20 T 1
0 5 10
R (a.u.)

Figure 5.8: Reflection principle and one-dimensional two-level model
The two-level model is used to model the dynamics on the 1so,- and the 2pa,, electronic states. lonization based on the quasi-
static ionization rates as explained in 5.3.1, yields R-dependent population of the ionized state. The reflection principle,

Exgr = 1/R, can be used to convert from R to the measured kinetic energy release spectra.

The one-dimensional two-level model on strong-field photoionization of Hy yields time- and R -dependent
population, P;,,, (R, t), as well a corresponding transition rate, W;,,, (R, t) = dP;,,(R, t)/dt, to the ionized state of the
molecule (1/R-potential) for a given initial vibrational state, v, and laser parameters (peak field strength, E,, pulse
duration, 7 ,and center frequency w).

Next, the reflection principle [153] is used to connect the R-dependent quantities to measured quantities such as
kinetic energy release (KER) spectra and joint nuclear-electron energy distributions (JEDs). The reflection principle

is illustrated in Figure 5.8. The idea behind it is that a sudden ionization, i.e. a transition from 1sa,- or the 2pa, -

potential to the 1/R-potential (or to any other dissociative potential) generates two protons which repel each other.
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Due to the repulsion among the protons, the fragments gain kinetic energy which is measured as kinetic energy
release (KER) at infinite distance R — oo, as illustrated in Figure 5.8.

In order to calculate KER spectra for a given set of initial vibrational states and laser parameters, we take the R-
dependent population of the ionized state at the end of the simulation, i.e. P;y, (R, t.nq), When the laser-field’s
amplitude is E (t.ny) = 0, and use that the KER of a single transition to the ionized state (1/R potential) at the
position, R, is approximately,

1
~—, 5.9
EKER R ( )

The assumption of a vertical transitions means that one assumes that the nuclei don’t move when the electron is
ejected. The corresponding measured quantity is Exzgr = (P — p2)?/2my+ where p, and p, are two measured
proton momenta from strong-field ionization of H; in a ITRIMS.

A KER spectrum is then calculated from P;,, (R, t.,4), using a Monte-Carlo approach, i.e. k events with ionization
distances, Ry, are distributed such that their histogram follows P;,,, (R, t¢nq)- Using a Monte-Carlo approach from
here on is convenient as it allows to bin and calculate the calculation results in various ways. Equation (5.9) allows

to convert each Ry, to Eggg,- Binning them onto a KER-axis and yields the KER spectrum
1
Wionker (Exer) = Z Wion (EKERk = R_k’ tend)- (5.10)
k

Using (5.9) to approximate the measured KER distribution means that ionization by a quasi-static field is assumed

to create two protons which move on the 1/R-potential in Figure 5.8. Thereby, zero initial momentum is assumed.

The preceding dynamics on the bound states is only taken into account as it alters |)(g(R, t)|2 and |y, (R, t)|? as it
was described in the previous section. An analysis of the momentum space representation of x4 (R, t) and x, (R, t)
wave functions during the calculations showed that this approximation is reasonable [154].

Now we turn to the method of calculating joint nuclear-electron energy distributions (JEDs) based on W;,,, (R, t).
Under JED we understand, a two-dimensional distribution/count rate, i.e. W;y;zp (Exgr, E.). On the one axis, one
has KER, Exgg, of the nuclei and on the other axis, one has the electron energy, E,, while the count rate/the
distribution is given as color code, see Figure 5.9 a) for an example. In order to connect, W;,,(R,t) and
Wionjep (Exer, Ee), we assume that the transition to the 1/R-potential by field ionization in a quasi-static field at the
time, t, leads to a sudden creation of a pair of protons and a free electron. While the relative motion of the protons
leads to the asymptotic KER in (5.9), the asymptotic electron velocity is approximately,

Vair (ts) = —A(Ls) (5.11)
and thus, the sum momentum of the protons is p; + p, = —p, = +A(t,), see chapter 3.2.

It is clear that using (5.11) for the asymptotic electron velocity means that we neglect the Coulomb interaction
between the electron and the protons. Therefore, rescattering or recapture processes are not supported by this
model. In order to generate the desired 2D distributions, a Monte-Carlo approach is used again. Therefore, k events

are distributed with ionization times, t,,, and corresponding ionization distances, Ry, in such a way that their 2D

Sk’
histogram follows W, (R, t). Calculation of Exgg, and E,, based on (5.10) and (5.11) for each of the events and

subsequent calculation of the yields the JED as,

1
Wionjep (Exers Ee) = Z Wion (EKERk = R_k'Eek = véir(tsk)/z)' (5.12)
k
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One can also use this distribution to generate the KER spectrum in (5.10) by integrating along the electron energy

axis, i.e.

VVionKER(EKER) = fw/ion]ED(EKER'Ee) dE,. (5.13)

Further, one can calculate the mean of the photoelectron energy for each bin along the KER axis, i.e.
f EeI/Vion]ED (EKER' Ee)dEe
VVionKER (EKER)

It is representative for the KER-dependent width of the electron energy spectrum. Also, one can analyze e.g. KER

(5.14)

MionEe (EKER) =

spectra for different electron energies.
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Figure 5.9: Illustration of simulated joint nuclear-electron energy distributions (JEDs)

a) Calculated ]ED based on the described model, v = 3,E; = 0.17,4 = 2000 nm, T = 68 fs. b) logarithm of the JED in a). c)

= E lel
KER spectrum and QE R- epen nl‘grl#lze;an \t/llle %9(919)?1 gplerg(}:l) fog g cel‘.flatl%n s%)éwn in a) and b). d), e) and f) show the
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same plots as a), b) andgc') lﬁ)lt after averagmg over the intensity dlstrlbutlon in the focal volume and the initial distribution of

vibrational states.

With (5.9) to (5.14) and the model from section 5.3.1, one has a method to calculate KER spectra and JED for a
given set of initial vibrational state, v, and laser parameters. Last but not least, the calculations must be averaged
over the initial population of vibrational states and the distribution of field strengths, E, in the focal volume. The
focal volume is characterized by the spatial peak intensity /,, the Rayleigh range, z; and the geometry of the ion
beam target, see 5.2 and attachment A1l. Therefore, the calculations for a pulse duration, 7, and center frequency, w,

are repeated for up to 400 E, on an equally spaced grid and for 13 vibrational states. Calculation of P(E,,v) =
Nion(tena) = . OR’"“" Pg,v(R, tena) dR, is the probability with which the corresponding KER spectrum occurs. It is the

basis for calculating focal volume averaged and vibrational state averaged KER spectra and JEDs for different spatial
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peak intensities, I,. Thereby, we follow the scheme in [147]. The analytical expression for a thin 2D target as
characterized in 5.2.3 is the basis for the averaging the calculation over the distribution of peak field strength in the
target, see also attachment A1.2. In Figure 5.9, we compare single-intensity single-vibrational state JED a) to c) with
a calculation that is averaged over the focal volume as well as over the vibrational states d) to f), see the figure
caption for details. An immediate observation is that the averaged results are more smeared out. Further, the
contribution of the higher lying vibrational states, which ionize at lower field strength than v = 3,lead to a narrower
JED and a shoulder at lower KER. The focal volume averaged calculations are compared to the experimental data in

chapter 5.4.

5.3.3 Quasi-Static Ionization Rates

The previous sections introduced a one-dimensional two-level model for strong-field photoionization of H5 . The
model combines the dissociative nuclear dynamics based on the coupling of the two-electronic levels (1say, 2pay,)
by an external laser field E(t). Ionization is incorporated using quasi-static ionization rates, I;(R, |E(t)[) and
I,(R,|E(t)]). Having the two aspects of dissociative nuclear dynamics and ionization separated in the model, one
can test the influence of different sets of ionization rates on the result of the calculation and compare different
versions to experimental data on a qualitative level later. Here, the two sets of ionization rates which are tested are

illustrated.

Target |Ip] (eV) B l Cul m B

Hf —g | I,(R)=Uy(R)—1/R 2 0 |287] 0 0

Hf —u | IL(R)=U,®R) -1/R 2 0 |287] 0 0

QL+ DA+ [Im])!
21— m)!

Q(l,m) = (_1)(|m|—m)/2\/

Table 5.1 Parameters used in the ADK-inspired R-dependent ionization rate of Hy .
R-dependent ionization rates for different electronic levels in Hy, are obtained by modifying the atomic

ionization rate with an R-dependent ionization potential for each of the states.

The first set of rates is inspired by the atomic ionization rate (ADK rate) in (4.9). We repeat the expression here

for completeness,

ICul?QUm)? ( 2k? il 23 2B |E(tF)|
raeon =Gt (r) 0 (sma) e (F e ) 519

The molecular character of Hy is taken into account by making the electron’s binding energy, I, which occurs in

(5.15) via k = /2]|1p|, sensitive to R, i.e. [(|[E(t)]) —» F(K(IP(R)), IE(t)l) — I'(R,|E(t)]). For this purpose, the R-
dependent electronic binding energies, i.e. I;(R) = U;(R) — 1/R and I,(R) = U,(R) — 1/R are used for each of the

states. In the end one has a set of two R-dependent ionization rates, Iqu (R,IE®)]) and LA(R, |E(t)]), one for each
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electronic state. For the other parameters in (5.15), the values in Table 5.1 are taken independent of R. This set of

R- and |E|-dependent rates is abbreviated with atom-like ionization rates (A-rate) from here on.
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Figure 5.10: Illustration of the ionization rate of Plummer and McCann reproduced by a fit.
a) shows the central figure [28]. The subgraphs show the mentioned real part of the quasi-energy for different strength of the
external field in a)(a) for the 1sg,; (lower set) and the 2pa, (upper set). a)(b) and a)(c) show the corresponding imaginary

parts which are the ionization rate, I'(R). b) and c) illustrate the fit which is used in the two-level calculations for the same
field strength as in [28].

The second set of rates is based on an exact three-dimensional calculation of field ionization rates of H5 in a static
external field [155] [28] [156]. These calculations use complex energy eigenvalues (so-called quasi-energies),
W (R) = Wyeq(R) — il'(R)/2, to define the state of H; in a static external field strength |F| for various Rs. The real
part, W,.q;(R), of the quasi-energies is the energy of the bound part of the wave function. Its energetic position is
shifted depending on |E|, see Figure 5.10 a)(a) for illustration. The imaginary part, I'(R), of the quasi-energy is the
ionization rate of the system in a static field of strength |E|, see Figure 5.10 a)(b) for 1s0, and Figure 5.10 a)(c) for
the 2pg, state. The corresponding Eigenfunctions are the electronic wave function of Hy under the effect of the
static external field. In order to have appropriate rates, I;”™ (R, |E|) and I,/ (R, |E|), which are based on this exact
calculations, a two-dimensional along R and |E| inter- and extrapolation is done. Thereby, the values for the atomic-
and separated atom limit from [156] are used for Rs thatlie outside the available R-range in [28]. For field strengths,
which lie outside the available range of |F| values, an extrapolation of the rates is done. Figure 5.10 b) and c)
demonstrate that the used fit matches the exact calculations at the available sample points. This set of R- and |E|-

dependent ionization rates is abbreviated with Plummer-McCann ionization rates (PM-rate) from here on.

94



Probing Strong-Field Photoionization of a Beam of H2+ at Short-Wave Infrared Wavelength

The atom-like rates and the PM-rates as function of R and |E| are qualitatively compared based on 2D plots in
Figure 5.11. The first observation is that the atom-like rate is a lot higher particularly for high field strength, see
Figure 5.11 a) and c). But apart from that, it seems as the shape of the rates for ionization from 1sg,, is rather similar.
The major qualitative difference between both sets of rates is found in the modulation along the R-direction for
ionization from the 2po,, state. While the atom-like rate, see Figure 5.11 b), is a rather smooth and flat surface as
function of R and |E|, the corresponding PM-rate, see Figure 5.11 d), has several maxima and minima along the R

for fixed field strength. The number of maxima and their position changes with the field strength.

a) Atom-like T,(R, E) b) Atom-like T',(R, E) c) Plummer-MeCann DC I(R, E)  d) Plummer-McCann DC T,(R, E)
0 0 0
P 0.10 7
4 3 4
oo "
5 10 15 5 10 5 10 5 10 15

R (a.u.) R (a.u.) R (a.u.) R (a.u.)
Figure 5.11: Comparison of the atom-like (atom-like rate) ionization rate with the exact ionization rate (PM-rate).

a) shows the logarithm of the atom-like rate as function of R and |E| for ionization from 1sg, electronic state. b) shows the

same as a) but for ionization from the 2po,, electronic state. ¢) and d) show the same as a) and b) but for the PM-rate.

Altogether, we have illustrated two sets of R- and |E|-dependent ionization rates here. One, the so-called atom-
like rate, is an ad hoc modification of the atomic ionization rate which takes into account the R-dependence of the
electron’s binding energy. The other, the so-called PM-rate, is based on an exact numerical calculation of the
ionization rate of Hy in a static external field of strength |E|, which has been an inter- and extrapolated to cover the
needed range of values along R and |E|. The major qualitative difference between both sets of rates is that the PM-
rate exhibits R-dependent modulations for ionization from 2po,, state which are not found in the atom-like -rate for

ionization from the same state.

5.4 Comparison between Two-Level Model and Experimental Data

The previous section introduced a 1D two-level model on strong-field photoionization of Hy . It combines
dissociative nuclear dynamics on the 1sg,;- and the 2pag,-electronic levels with static ionization rates, I (R, |E(t)|)
and I;,(R, |E(t)|), which are sensitive to the internuclear distance, R, and the strength of the electric field, |E(t)].
Thereby, two sets of different ionization rates can be tested in the model. The first set is an atom-like rate,
IFA(R,|E(®)]) and LA(R, |E(t)]) (atom-like rate). The second set of rates I’ (R, |[E(t)|) and (R, |[E()]) (PM
rates) is based on an exact calculation of the ionization rate of H; in a static external field. In this chapter, the results
of the two versions of the 1D two-level model are compared to experimental data. All presented calculations are
averaged over the initial distribution of vibrational states as well as over the intensity distribution in the focal
volume as close as possible to the conditions in the measurement. For the whole comparison, measured data for

ionization of Hf by 7 = 65 fs, 1 = 2000 nm with peak intensitites up to 1.3 X 10'®> W/cm? is shown.
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5.4.1 Intensity Dependence of Kinetic Energy Release Spectra

Here we compare the measured intensity dependence of the KER spectrum parallel to the polarization axis of the
laser to results from the 1D two-level model calculations with the two different sets of ionization rates.

For the plot of the experimental data in Figure 5.12 a), ionization events where the angle between the polarization
axis and the vector p; — p, is smaller than 9 + 20° have been selected, see Figure 5.1 b) for an illustration of the
geometry. Afterwards, the selected events are binned into a 2D histogram, Y (Exgr, Iy), with Exgr = (1 — D2)?/
2my+, on the one axis and the tagged peak intensity, I, on the other axis. Removing the monotonous increase of the
yield for increasing I, by normalizing the 2D histogram within each /; bin (along each row in Figure 5.12), reveals
intensity-dependent shape of the KER spectrum as shown in Figure 5.12 a). Corresponding cuts of the normalized
KER spectra are shown in Figure 5.12 b). Note that spectra for different I, are shifted along the y-axis by 0.5 in order
to improve readability in this plot. Together with the data points, also a smooth of the measured data is shown. One
can use the approximate conversion between internuclear distance, R, and KER, i.e. R = 1/Eygg, to investigate the
measured distribution as function of R instead of as function of KER. The corresponding R-dependent distributions
of the lines in Figure 5.12 b) for different /, are shown in Figure 5.12 c).

Inspection of Figure 5.12 a) and Figure 5.12 b) shows that the KER spectrum changes for increasing peak intensity.
The overall trend is that higher peak intensity shifts the KER spectrum to larger KERs. At low intensities, I, = 0.2 X
105 W/cm?, the KER spectrum peaks around Exzz ~ 3.5 eV and has a shoulder around Eggz ~ 5 eV. Increasing to
I, = 0.4 x 10'> W/cm?, leads to two peaks of almost equal height at 3.5 and 5 eV. Further increasing I, allows the
peak at 5 eV to take over the highest yield while the peak at 3.5 eV gradually develops into a shoulder with smaller
yield.

Observing the R-dependent distributions shows that higher peak intensity leads to ionization at smaller distances.
The peaks in the KER spectrum lead to the formation of corresponding peaks in the approximate ionization
distances. For small I, ~ 0.2 x 10> W/cm? ionization most likely occurs around R =~ 10 a.u.. Increasing I, leads to
ionization at smaller Rs a and to formation of a double peak structure where ionization peaks around R = 6 and 8.

Comparing the measured data to calculated results from the two-level model in Figure 5.12 d)-i) reveals
qualitative agreement with the measurement. Higher I, leads to ionization with higher KER, which corresponds to
ionization at smaller distances. Investigation of Figure 5.12 d)-f) shows that use of the atom-like set of ionization
rates does not lead to a peaked structure in the KER or the R distribution as observed in the experiment. However,
the use of the PM-rates Figure 5.12 g)-i) support the observation of the peaks. Even the transition from a single peak
at low KER to a double peak and to a single peak at high KER for increasing ; is reproduced by this calculation.
However, the position of the maxima in Figure 5.12 g)-i) are at too small in KER too large in R, respectively. Despite
this noticed discrepancies, the agreement between measured data and the simple 1D two-level model with PM rate
is reasonable on a qualitative level particularly in view of the model’s simplicity. The model reproduces the trends
of the intensity dependence as well as the changes of the peaks in the KER spectra. Both are observed in the

measurement.
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Figure 5.12: Intensity dependent KER spectra +20° for ionization of Hy by an infrared laser pulse (7 = 65 fs, A = 2000 nm).

a) - ¢) illustrate the measured KER spectrum as function of the peak intensity of the laser pulse. Note that the 2D histogram
in a) has been normalized along each line with constant intensity in order to emphasize the shape of the KER spectrum. b)
shows corresponding lineouts which are integrated within +£0.1 x 10> W/cm? around the given values for I, in the inset.
The dots are the data points while the line is a smooth of the data. An approximate conversion of the smooths from KER to R
using R = 1/Eggr and taking into account the Jacobian allows to investigate the distributions as function of R as is shown in
c). d)-f) show the same as a)-c), but calculated within the two-level model using the atom-like ionization rate. g)-i) shows the

same as d)-f) but the PM rates have been used in the calculation.

97



Probing Strong-Field Photoionization of a Beam of H2+ at Short-Wave Infrared Wavelength

The reason for the mentioned discrepancies can be attributed to several simplifications and imperfections in the
model : i) The set of PM-rates from [28] has only been published up to a field strength of |E| = 0.08 a.u.
corresponding to I =~ 0.2 X 10*°> W/cm?. This is only a fifth of the intensity range that is covered by the
measurement. The extrapolation used is likely to be erroneous for high field strength. In order to improve this
situation one might try to calculate ionization rates at higher field strength based on [157]. ii) The two-level model
neglects molecular rotations. Therewith, effects of dynamic alignment as well as the effects that stem from the
orientation dependence of the coupling efficiency between 1sg,- and the 2pg, -electronic levels are neglected.
Further, the dependence of the ionization rate on the angle between the molecular axis and the direction of the
linear polarization, 9, [156] is completely neglected in the model while the measurement is integrated over some
range of 9. iii) Limiting the model to two electronic states might oversimplify the nuclear dynamics before
ionization. iv) Using the reflection principle in the model together with the assumption of zero initial velocity on the
1/R-potential to connect between the R-dependent ionization and the final KER might cause discrepancies as well
as neglecting the possibility of interferences between ionization from the different two electronic states.

Despite the discrepancies, the demonstrated qualitative agreement between the measurements allows for
explanation and interpretation of the observations along the lines of the model 1D two-level model. We start with
the observation that higher peak intensity leads to higher KERs. Increasing the intensity at constant pulse duration
leads to a faster increase of the field strength during the pulse envelope. Due to the limited speed of the nuclear
stretching dynamics, a rapidly increasing pulse envelope allows ionization at smaller Rs which leads to the
observation of higher KERs. In turn, this means that ionization at large Rs is depleted and thus, the signal from low
KER such that altogether, the high intensity KER spectrum is shifted to higher KERs compared to the low intensity
KER spectrum. This behavior is supported by the measurement and by both versions of the model.

The peaked features in the KER spectra are reproduced by the model, only if the calculation uses an ionization
rate that supports these peaks such as PM-rates. From this, one can conclude that the peaked features do not stem
from the initial distribution of the vibrational states or nuclear dynamics before ionization. However, they are
related to the intrinsic property of the field ionization rate of H from the 2pgo, electronic state, which is that it is
enhanced for certain combinations of the external field strength |E| and internuclear distance R. This has been
shown by numerically exact calculations of the ionization rate of Hy in a quasi-static field in ref. [28] which were
also used for the model calculations presented here. However, as the simulations show [28], the exact positions and
number of enhanced peaks in KER (or R) is not fixed, but is sensitive to the applied peak intensity as both theory
and measurement demonstrate, see Figure 5.12 and Figure 5.10. Further, the positions, strength and width of the
enhanced peaks is sensitive to the molecular alignment. Fundamentally, the peaks originate from the three-
dimensional shape of the electron density and the corresponding outgoing electron density flux which adjusts in
the combined potential of the protons and an the external field to complex shapes, see [28] for details.

Altogether, one can understand strong-field photoionization of HS at infrared wavelength along the lines of the
1D two-level model with PM-rates. In the beginning of the laser pulse, the external field couples, time-dependently,
the 1so, and the 2po,, electronic states. The coupling leads to stretching nuclear dynamics such that the wave
function is spread over a wide range of Rs where the 1sg,; and the 2po, electronic state are populated. The shape
of the stretched nuclear wave function is sensitive to the initial vibrational state, and the time-dependent shape of

the external field which characterized by parameters such as the intensity, wavelength, pulse duration. After and
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during the stretching, the molecule is ionized in the quasi-static, but oscillating, field predominantly from the 2pa,,
electronic state. For the protons, ionization means that they repel each other on the 1/R-potential such that their
relative motion leads to a gain in energy, which is then observed as the final KER. Observed peaks in the KER spectra
originate from intrinsic property of the ionization rate of H; in a static external field. The observability and exact

position in the KER spectrum is sensitive to the details of the stretching nuclear dynamics.

5.4.2 Observations in Joint Nuclear-Electron Energy Distributions

In order to gain further insight into the ionization dynamics the 1D two-level model is tested by comparing the
measured and calculated joint nuclear-electronic energy distributions (JED) in Figure 5.13. As explained earlier in
section 5.2.1, the electron energy of the experimental JED is based on the electron momentum, p,., which is inferred
from the measured proton momenta employing momentum conservation, p, = —(p1 + p2). Figure 5.13 a) shows a
2D histogram with electron energy, E,, on one axis and the kinetic energy release, Exzr, on the other axis. The
colorcode shows the logarithm with base 10 of the Exzz- and E.-dependent yield, i.e. 10g1o(Wjon ep (Exgr, Ee))-

For the plot, ionization events with a peak intensity in the range between 0.5 and 1 X 10*5> W/cm?, have been
selected. The mean intensity of all shots is =~ 0.76 x 105> W/cm?. The distributions at lower and higher intensities
are similar. For the electron energy, events from all electron emission angles are taken into account, while the
calculation of electron energy uses the momentum component that is parallel to the linear polarization of the laser
only, i.e. the z-axis such that E, = 0.5pezz. The observed JED in Figure 5.13 a) is a smooth distribution with the
highest yield at the lowest electron energies. The KER spectrum exhibits the double peak feature as discussed earlier
and shown as blue line in Figure 5.13 b) for reference. Interesting is the observation that the yield of photoelectrons
at high energies oscillates with the kinetic energy of the nuclei, see the JED in Figure 5.13 a). The energetic width of
the photoelectron spectrum measured by the mean of the electron energy, M;,,z, (Exgr), see equation (5.14),
behaves similarly. This observation is emphasized by the orange curve in Figure 5.13 b) where M,z (Exgr), is
plotted as function of Exzg. It clearly oscillates as function of Exzr. Thereby, the maxima of the KER spectrum are
found very close to the position of the minima of the mean electron energy and vice versa.

Comparing the experimental plots to calculated JEDs for two different versions of the 1D two-level that are shown
in Figure 5.13 c)-d) yields better qualitative agreement for the version that used the PM rates. While the atom-like
rates neither reproduce the observed structures in the JED nor in M;,,,, see Figure 5.13 c) and d), the version with
the PM rates shows faint features that can be related to experimental observations on a qualitative level.
Particularly, Won;gp (Exgr, Ee) is structured and M;,,g, shows modulations, whose minima are found near the
positions of the maxima in the KER spectrum. In contrast, the atom-like version exhibits a smooth JED and the
modulations in M;o,g, (Exgr) are missing. Additional to this qualitative agreement, however, the JEDs of both
versions are found to be too narrow in energy. For the version with the PM rate it is likely that the discrepancies
originate from the non-perfect ionization rate, which was published only in a smaller parameter range than
necessary for the model calculation. Further, the model calculations neglect rotation and also angular dependencies

of the coupling strength between the electronic levels as well of the |E| and R-dependent ionization rate.
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Figure 5.13 Joint nuclear-electron energy distrbution from ionization of Hj by 65-fs-2000nm laser pulse.

a) shows the logarithm of the measured JED as a two-dimensional histogram. In b), the corresponding KER spectrum (blue)
and the mean of the photoelectron energy spectrum is shown. This quantity is a measure for the width of the photoelectron
energy spectrum. c) and d) show the corresponding plots of the simulation which uses the atom-like ionization rate. e) and f)

shows the same as c) and d) but for the version of the model that uses PM rate.

An explanation for the observed modulations of the KER dependent photoelectron spectra can be given along the
lines of the 1D two-level model with the PM rate where qualitative agreement between simulation and
measurement has been demonstrated. As said, the leading edge of the pulse stretches the wave function along R,

where it creates a wide distribution. Then ionization in the quasi-static field facilitates electron ejection. As the
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ionization rate is enhanced for certain Rs, ionization at the Rs with enhancement takes place at effectively lower
field strength. Thus, the photoelectrons that are ejected at these Rs reach lower energies as the photoelectron
spectrum of direct electrons scales with Up = E,?/(4w?9 where E, is the field strength of the laser at ionization and
w its frequency. All these arguments proceed from R to KER as discussed before such that finally, modulations in
the JED and KER-dependent mean of the photoelectron energy occur as observed in Figure 5.13 a) and b) as well as
in the 1D, two-level PM-rate model calculations in Figure 5.13 e) and f). Thereby, the minima of M;,,z, (Exgr)
coincide with maxima in the KER spectrum as a large ionization rate leads to high yield but lower electron energy

as one would expect from this mechanism.

5.5 Conclusion and Outlook

In this chapter, strong-field photoionization of a beam of Hy by an short-wave infrared laser field has been
investigated. During the discussion of the measurement, it has been demonstrated that the initial momentum
distribution of the ion beam target in the Jena ITRIMS setup is narrow enough to infer the electron momentum from
the measurement of the proton momenta using momentum conservation. However, it should be noted that the
initial momentum spread blurs the inferred electron momentum distribution approximately with a Gaussian
function which has a width of Ap,. = 0.79. Further, equipping the Jena ITRIMS setup with the opportunity for
automated scanning and tagging of the peak intensity enables detailed investigation of the intensity dependence of
different processes. As an example for intensity tagging, the saturation intensity of dissociation and ionization of
HF by 1800 nm-50-fs laser pulses have been determined to be I;4piss = 0.07 X 105 W/cm? and Igyy 0, = 3.5 X
10'* W/cm?. Thereby, it has been demonstrated that the geometry of the ion target in the ITRIMS setup is well
approximated by an ultrathin, two-dimensional target, that is infinitely extended perpendicular to the direction of
laser polarization, but ultrathin along the propagation direction.

Next we have introduced a one-dimensional two-level model for strong-field photoionization of Hy. It aims on
gaining intuitive insight into the relevant physics of the ionization dynamics. To this end, the 1sg,- and the 2pa, -
electronic levels are coupled by the external field to describe the nuclear stretching dynamics. During the stretching,
ionization is embedded in the model using quasi-static ionization rates, I (R, |E(t)|) and I, (R, |E(t)]). The
implemented ionization rates from both levels are sensitive to the internuclear distance, R, and the strength of the
electric field, |E(t)|. Further, two different sets of ionization rates, i.e. an atom-like set of rates Iqu(R, |E(t)]) and
LA(R, |E(t)]) (atom-like rate) and a fit to an exact calculation of static field ionization rates from H; MR, IE@®D)
and LPM(R,|E(t)]) (PM rate), have been introduced. All calculations are averaged over the distribution of
intensities in the focal volume and over the initial distribution of the vibrational states of the target.

Next, the measured intensity dependence of the kinetic energy release spectra (KER) for 2000 nm-65-fs pulses is
compared with the two versions of the model. The comparison shows that both versions support the experimentally
observed trend that higher intensity leads to KER spectra at higher energy which is related to ionization at smaller
internuclear distance R. However, the experimentally observed peak structures in the measured KER spectra are
qualitatively reproduced only if the exact ionization rate, i.e. the PM-rate with it's R-dependent enhancements, is

used. This demonstrates that intrinsic properties of the static ionization rate can be seen in the measurement and
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simulations if the nuclear dynamics before ionization leads to population of a wide range of internuclear distances.
Continuing the comparison for joint nuclear-electronic energy distributions (JEDs) demonstrates that the simple
model with PM-rate reproduces the observation of modulations of the mean of the electron energy whose minima
approximately overlap with the maxima of the yield in the KER spectrum. Along the lines of the model one can
understand this behavior in such a way that ionization with high yield effectively takes place at lower field strength
which then leads to narrower electron energy distribution as ionization at lower field strengths causes less
acceleration of the electron by the field.

The experimental and theoretical efforts lead to the following mechanism for strong-field photoionization of H¥
atinfrared wavelength. In the beginning of the laser pulse, the external field time-dependently couples the 15, and
the 2po, electronic states. The coupling leads to stretching nuclear dynamics which populates a wide range of Rs.
During the stretching, the molecule is ionized by the quasi-static but oscillating field predominantly from the 2po;,
electronic state. lonization creates two protons which repel each other on the 1/R-potential and thus, gain kinetic
energy that is then observed as the final KER distribution. Observed maxima in the KER spectra originate from
modulations of the R-dependent ionization rate of H in a static external field. These peaks in the ionization rate
propagate from R to KER and lead to maxima in the observed KER spectrum. The maxima in the KER spectrum are
correlated with a lower electron energy in the JED as ionization around the enhancements of the rate effectively
takes place at lower field strength.

The present investigation is an example of coupled electron nuclear dynamics which are driven by strong infrared
fields. The cycle duration of the external field forces the electron motion on a time-scale during which the light nuclei
of the H} molecule can significantly adjust their positions. An interesting question to be addressed in the future
might be whether the sub-cycle nuclear dynamics are relevant or whether the nuclear dynamics on the timescale of
the envelope of the field are important. To this end, one might consider a measurement and theoretical investigation
with different pulse durations. Possibly, ionization could be caused by intense infrared few-cycle fields at a
wavelength around 1.8 um ideally with control or tagging of the fields carrier-envelope phase. A first step towards
such an investigation has been taken with the realization of the few-cycle laser source in chapter 2.

In view of coupled electron nuclear dynamics, it would also be interesting to push the measurement further
towards even longer wavelength. As preliminary simulations based on the presented model for strong-field
photoionization of H; show, this will give the nuclei even more time to move during the optical cycle such that
interesting dynamics can be expected.

Regarding the relevance of the observed dynamics for other molecules, one should have in mind that Hj is the
simplest molecule but also the lightest and thus, the one with the fastest nuclear dynamics. In order to test whether
the observed dynamics are relevant for heavier molecules, one might consider an investigation which compares

ionization of H and D5, e.g. using similar experimental conditions as in the measurement here.
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6 Conclusion and Outlook

This thesis describes the implementation and operation of a source of intense femtosecond laser pulses in the
short-wave infrared (SWIR) spectral domain that has been used to investigate the interaction between atoms and
diatomic molecules, specifically the strong-field photoionization (SFI) of Xe and of an ion beam of HF molecules.
Both interactions have also been investigated using theoretical models that are both simple enough to allow
intuitive understanding while fundamental underlying time-dependent mechanisms of the interaction are
captured.

In chapter 2, a description of how the source has been put to operation and has been characterized.
Implementation of frequency-resolved optical frequency resolved optical gating enabled the measurement of the
pulse duration and characterization of spectral phase. The use of the hollow-fiber compression technique allowed
the generation of passively carrier-envelope phase stable few-cycle pulses with a pulse duration close to two optical
cycles and an energy of >0.7 m] in short-wave infrared spectral domain around 1.8 um at a repetition rate of 1 kHz.
The source is suited to investigate strong-field laser-matter interaction directly as detailed in the thesis here or to
be used as driver for applications of strong-field processes, such as the generation of femtosecond extreme
ultraviolet radiation possibly into the water window via the high-harmonic generation process.

In chapter 4, SFI of Xe has been investigated [10]. To this end, the velocity-map imaging technique has been
applied to measure three-dimensional photoelectron momentum distributions (PMDs) from SFI of Xe. Besides the
observation of low-energy features that are typical for SFI of atoms by SWIR and IR fields, the measurements
revealed an interesting prominent fork-like structure at close to a right angle to the polarization axis of the laser.
Comparing measurements where ionization is caused by long pulses with measurements where ionization is caused
by few-cycle pulses revealed a strong dependence on the pulse duration for the fork as well as other typical features
of the PMD. The measurements were compared to theoretical expectations of an improved version of the semi-
classical model (SCM) of atomic SFI, which models the ionization dynamics of atoms using quasi-static field
ionization rates, electron trajectories in the laser field and elastic rescattering between electron and ion. It is shown
that the SCM reproduces low-energy features including the fork and their observed susceptibility to pulse duration,
if it is augmented by rescattering trajectories that are substantially longer than one optical cycle. Further, it has
been shown here that the modeling of the elastic electron-ion rescattering must take the angle and energy
dependence of the differential scattering cross-section into account in order to reproduce low energy features. This
finding puts low energy features in SFI of atoms by SWIR fields on the same footing as, e.g. the high-energy plateau
in the PMD. Further, it shows that, similar to high-energy features, low energy features in the PMD are governed by
the time-dependent shape of the laser field.

In chapter 5, SFI of diatomic molecules by SWIR fields has been investigated, specifically ionization of an ion beam
of Hf molecules [158]. To this end, the Jena ion-target recoil-ion momentum spectroscopy setup (ITRIMS) for three-
dimensional (3D) coincidence momentum imaging has been used together with the source of intense femtosecond
SWIR fields to measure the intensity-dependent 3D vector-momentum distribution of both fragmentation channels
of Hy , i.e. dissociation (HS —» H* + H,py+,py,) and ionization (Hy - H* + H* + e~,p,, p,, p. ) For the data

analysis, we have concentrated on the ionization channel. The measurement demonstrates that for ionization by
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SWIR fields, the initial momentum spread of the ion beam target is narrow enough and the measurement resolution
is high enough to infer the electron momentum, p,, although only the two protons with momenta, p;, p,, have been
detected. To this end, one uses momentum conservation in laser-induced fragmentation, i.e. —p, = p; + p,. The
trick gives access to all fragment momenta, p,,p,, P. and enables the analysis of joint electron-nuclear energy
distributions (JEDs), which are of particular interest for the investigation of coupled electron nuclear dynamics.

Turning to the results of laser-induced fragmentation of the Hf measurement, which have been analyzed in detail,
the intensity dependence of the kinetic energy release spectra (KER) shows a peaked shaped, which moves for
increasing intensity to higher KER. Using the approximate conversion from KER to the internuclear distance, R, of
ionization, i.e. Exgr = 1/R, this observation means that ionization as function of R is peaked and that ionization at
higher intensity leads to ionization at smaller distance R. The second observation is found in the JEDs. They show
that the width of the photoelectron spectrum is modulated as function of KER. Thereby, higher yields in the KER
spectrum are correlated with a narrower photoelectron spectrum.

The Hf measurements were compared to expectation from a one-dimensional two-level model on the SFI of H.
It uses time-dependent coupling of the 150, and 2po, electronic states in H; by the external laser field to model the
dissociative dynamics of the nuclei. lonization from both states is incorporated using quasi-static field ionization
rates that are sensitive to the inter-nuclear distance, R, and the instantaneous field strength, |E|. The electron
momentum is inferred from the connection between ionization and the instantaneous vector potential at the time
of ionization, i.e. p,(t;) = +A(t;). Comparing the measurement and the model based on the intensity dependence
of the KER spectrum and the JEDs demonstrates reasonable qualitative agreement. Thus, one can conclude that SFI
of diatomic molecules by SWIR fields proceeds by the following coupled nuclear electron dynamics: Coupling of
electronic states in the beginning of the laser field induces a nuclear stretching motion, which leads to the population
of a wide range of internuclear distances. From there, ionization by the quasi-static, but oscillating, field of
increasing strength facilitates electron ejection which suddenly creates two protons who gain kinetic energy on
their way to the detector as they repel each other. The simultaneously freed electron is driven away by the ionizing
laser field. As the quasi-static ionization has the property of being enhanced / suppressed for some internuclear
distances, signatures of these enhancements can be found as modulation in the kinetic energy release spectra. For
the electron, an enhancement of the ionization rate leads to ionization at effectively lower field strength such that
the photoelectron spectrum is narrower for regions where the ionization rate is enhanced. The observed dynamics
are an example of coupled electronic and nuclear motions in a molecule which is driven by the external field.

For future directions, the development of single-shot carrier-envelope phase measurement based on strong-field
ionization at short-wave infrared fields might enable the investigation of strong-field ionization of atoms and
fragmentation dynamics of molecules in few-cycle, short-wave infrared fields as function of the carrier-envelope
phase. Having this opportunity might be used to address the question of whether the discussed stretching dynamics
of the nuclei before ionization of H; take place on the time scale of the envelope, i.e. a few tens of femtoseconds, or
whether they are fast enough to be sensitive to the carrier-envelope phase and can, thus be controlled on a few fs

time scale.
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Appendix

A1 Intensity Control for High-Power Few-Cycle Pulses

Since the early days of strong-field physics [1] [159] [160] [4], it is well known that typical measurements average
over the inhomogeneous intensity distribution in a focused laser beam [161]. Thus, directly comparing
measurements and theoretical results makes it either necessary to disentangle these averaging effects in
measurements, see e.g. ref. [147], or to take the averaging into account for theoretical simulation. Similarly, if the
intensity dependence is investigated by a measurement and compared to simulations, the experimental strategy for
controlling the intensity should be taken into account by the simulations or disentangling techniques need to be
applied in the measurement.

As the laser pulses in strong-field laser physics, often exploit non-linear optical processes to generate the desired
laser pulses, controlling the peak intensity, I,, in a continuous and structured way over a large range without
changing other parameters such as the pulse duration, 7, or the geometry of the focus is a non-trivial task. Further,
the typically large bandwidths and high powers even in the collimated beams present additional challenges.

In the following sections, an experimental method for controlling the peak intensity of high-power few-cycle
pulses in a structured way in a relatively simple and cheap experimental setup is presented. It is used in the second
measurement of this thesis, chapter 5, where an intensity dependent measurement on strong-field fragmentation
of the hydrogen molecular ion is done.

Before we turn to details of the setup for intensity control, equations that describe the intensity distribution
around the focal spot within the M%-model of laser beams is given in section Al.1. From this, one can get an
impression on options for changing the peak intensity within a given interaction volume, V;,,;(x, vy, z), where the
target atoms or molecules are distributed with constant density, o(x, y, z) = g,. Afterwards, the setup is introduced

in section A1.3.

A1.1 Intensity Distribution around the Focal Spot in the M2-Model

The intensity distribution of laser beam which is focused by a lens or a mirror with the focal length, f, has the

intensity distribution,

I(r,z) = Io[ Horocus ]2 exp( 2 > (A1)

WFocus (Z) WFacus2 (Z)

Here, the laser pulse propagates along the z-axis and r = /x2 + y? is the radial coordinate in cylindrical

coordinates. The quantity, is the radius of the focal spot which depends on f, the wavelength, 4, and on the

Worocus
radius of the collimated beam at the position of the lens, w; .,
fM?A

TTWLens

(A.2)

Worocus =
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The number M? is the beam quality parameter which is slightly larger than 1 one for typical lasers with good beam

quality. Behind the lens, the radius of the beam, wg,,s(2), behaves as,

2
WFocuS(Z) = WOFocusw’ I+ (Z/ZTFocus) : (A-3)

The quantity, = nwopocuSZ/MZA, is the Raleigh range of the beam. The radius of curvature of the wave front,

ZTFncus

Rrocus(2), is

ZTFocus 2
Rrocus(2) = z [1 + T] . (A4)
Last but not least, the peak intensity, I, of the beam of an ideal Gaussian pulse with the duration, t, and pulse energy,
eis[162]
1.88 €
h=——. (A.5)

T TWoppeys

Strictly speaking, equations (A.1) to (A.5) are limited to a monochromatic approximation such that when working
with broad, more precise considerations should be done. Further, if measurements with stable carrier-envelope
phase (CEP) or CEP sensitive processes are investigated, it might necessary to consider the electric field distribution
in the focus. Independent of the previous remarks, equations (A.1) to (A.5) shows not only that for a measurement,
several options to change the peak intensity exist but also demonstrates that the shape and the extension of the
interaction volume, V;,,;(x,y,2), plays a role. Consequently, different methods for varying the intensity, cause
convolutions of the experimental observables with the intensity distribution of various kinds and complexity [163].
For example, if one has a thin target, where V;,,; is approximately restricted to the xy-plane at fixed z = z;, moving
the position of the lens with respect to z; allows to change the highest intensity in the volume, I, =
max(I(x,y,z = zr)). However, in such an approach not only I,,,, is changed but also the overlap between the target
and laser beam is changed, which influences the convolution between the intensity distribution in the focal volume
and experimental observables.

The method to change the intensity here, relies on controlling rather the pulse energy, €, while the overlap
between laser beam and target volume is not changed. For such a scenario, the frequency of intensities in the focal

volume in dependence of the peak intensity is discussed in the next chapter for different target geometries.

A1.2 Frequency of Intensities in the Focal Volume for Different Target Geometries

In order to illustrate the frequency of intensities in the focal volume as function of peak intensity for different
target geometries, we start by using a Monte-Carlo simulation. Such an approach is fast, relatively simple, flexible
and robust. The idea is to generate i uniformly distributed “particles” within a given interaction region, V,,; (x, v, 2)
where the density of target atoms or molecules is assumed to be constant. Afterwards, equations (A.1) to (A.5) are
used to calculate [;, for each of the “particles” at the position x;, y;, z;, for a given geometry of the focal spot, which

is characterized by, the peak intensity, Iy, the spotsize, wy, . . and the Rayleigh range, z, . ., From this ensemble,

I;, a histogram is calculated.
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(a) (b)
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Figure A.1 Illustration of volume averaging.

(a) the frequency of intensities within the focal volume for two values of the peak intensity I,. Different target
geometries are compared (thin target - dotted and thick target - line). The comparison is done for two intensities. (b)
Frequency of intensities and the intensity dependent ion yield as an example how volume effects influence the
distribution of intensities that contribute to the observables in a measurement. The red curve illustrates that the

intensity with the highest frequency is not the peak intensity.

Different interaction volumina, V;,; (x, y, z), are compared in Figure A.1. It shows the results of such a calculation.
The first geometry is a thin target where the distribution of target particles has constant density in a narrow range
around, —0.1z,, . - <z < 0.1z, . Suchanassumption is realistic for e.g. an ion or molecular beam target with
a limited extension along the propagation direction of the laser, z. The second case shows a thick target geometry.

Here, the target particles are assumed to be uniformly distributed in the range, <z <1z, This is

12 pocus
realistic for an extended target if e.g. the whole vacuum chamber is filled with the target particles. For both cases,
the histogram is compared for the two different values of the peak intensity. One can see that increasing the peak
intensity, I,, not only increases the frequency of high intensities but also increases the frequency of lower
intensities. This in turn. changes the weight of the different intensities for the experimental observables. These
effects need to be taken into account if e.g. intensity dependent measurements are compared to theoretical
calculations.

In Figure A.1 (b) illustrate the volume averaging effects at the example of strong-field photoionization of Xenon
by 3-cycle, 1780-nm pulses. The measurement is a convolution between the ionization probability, of Xenon as
function of intensity, Yy, (I), see the blue curve Figure A.1, and the volume of the corresponding intensity in the
target, see the green dotted curve Figure A.1. With which frequency different intensities contribute to the final
measurement result is given by the red curve. As a consequence, the dominating intensity contribution in this

measurement would be significantly lower than the peak intensity. It illustrated the influence of focal volume.
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A1.3 Setup for Intensity Control of High-Power Few-Cycle Pulses

Here we present an experimental setup which allows to control the pulse energy of high-power broadband few-
cycle pulses without changing the geometry of the focal spot.

The setup is shown in Figure A.2. The laser beam comes from the left, is transmitted through a 1/2-plate and
reflected off a broadband Brewster polarizer. Changing the projection on the s-polarization of the Brewster plate’s
front surface by changing the angle of the 4/2-plate with respect to the incoming linear polarization allows to
control the pulse energy behind the plate as the plate primarily reflects s polarization. A thin transmitting polarizer
with high contrast over a broad bandwidth, ensures to maintain a linear polarization state after the setup by
absorbing the residual p-component.

The operation principle of the setup is very similar to a Brewster polarizer or thin-film polarizer. However, instead
of using the transmission for experiment, the reflection is used to minimize the amount of transmitting optics in the
beam path. A few options exist for choosing this Brewster plate. One option is very similar to a thin film polarizer.
A glass substrate with a polarization selective coating might be used. In this case, however, it is necessary to design
this coating with respect to the spectral phase after the reflection. In addition, if a transmitting substrate is used,
one needs to suppress the reflections from the back surface of the plate. This can e.g. be done using an anti-reflection

coating by designing the Brewster plate with a small wedge.

broadband Brewster plate thin, absorptive
high contrast
/Byl 91 9 polarizer

linear “ éﬂ@ Iimlear' ]
polarization polarization

Figure A.2 Illustration of an arrangement for reflective intensity control of high-power few-cycle pulses

The linearly polarized laser beam is coming from the left. A 1/2 —plate is used to control the ratio between s
& p polarization on the surface of the broadband Brewster plate. The angle of incidence on the plate, ¥, is
chosen close to Brewster’s angle for the center wavelength of the beam. Thus, the reflectivity can be
controlled by adjusting the angle of the 1/2 —plate which changes the ratio between s & p polarization on the
plate. The thin, absorptive broadband polarizer is used suppress any p-polarization after the Brewster plate.
This is necessary in order to keep the polarization state after this setup independent of the angle of the

/2 —plate.

The option, which we use here is a thick, absorbing or partly absorbing material with relatively high reflectivity.
If the material is chosen appropriately, no special coating is required. It turns out that materials can be found which
have properties in terms of bandwidth and reflectivity particularly for wavelength in the range of the HE-TOPAS-C.

In order to find appropriate materials for the Brewster plate, the Fresnel equations can be used to calculate the
reflection coefficients for s-polarization, 7y, and p-polarization, T,, at different angle of incidence of, 9, and in
dependence of the wavelength. Thereby, the assumption of equal permeability, i, = ,,, are used to calculate the

reflection coefficients for s-polarization, 7;, and p-polarization, T,, at different angle of incidence of, 9, and in

117



Appendix

dependence of the wavelength. The result of such a calculation in dependence of the wavelength for an optimized
angle of incidence is shown in Figure A.3. Particularly, Germanium (Ge) shows a high and flat reflectivity curve at a
reasonable contrast between s- and p-component for an angle of incidence of 9 = 80°. The contrast, 1 /75, is better
than 2-3 % for wavelength higher than 0.6 um. Thus it is particularly well suited for wavelength that are higher than
that. The Zinc selenide (ZnSe) plate has already high contrast for shorter wavelength in the visual spectral range
such that it is suitable for few-cycle pulses in the visible and near-infrared spectral range. However, the reflectivity

is less. Both materials are standard optical materials and thus, available from many vendors.
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Figure A.3 Reflectivity and contrast of Brewster plates for intensity control
In (a), the calculated reflectivity of a polished Germanium (Ge) surface and a polished zinc selenide (ZnSe)

surface as function of wavelength is shown for different incident polarization states. The contrast, c = R, /R;

between the reflectivity of the p- and the s-component is shown in (b). The angle of incidence, 9, has been

optimized for a reasonable compromise between reflectivity, contrast and size.

Figure A.3 also demonstrates the necessity of cleaning the polarization with a high-contrast polarizer after the
Brewster plate. If the 1/2-plate is adjusted such that only little energy is transmitted through the setup, most of the
energy before the Brewster plate is rotated onto its p-plane. Although the reflection for p-polarization is small
compared to the reflection of s-polarization, due the large amplitude going in p, p and s components can have similar
amplitude behind the Brewster plate. Thus, the direction of the linear polarization is changed. Potentially, even

elliptically polarized light might be produced. Cleaning the polarization state using the high-contrast polarizer

ensures that the effect of rotated polarization is suppressed.
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A2 Theoretical Description of the Hydrogen Molecular Ion

In this chapter, the theoretical description of the hydrogen molecular ion, Hf, is reviewed starting from the
Hamiltonian of the system. The derivations follows [74] and uses similar notation. We introduce the coordinate
system and the Hamiltonian in A2.1; apply the Born-Oppenheimer approximation in A2.2 and use the method of
linear combination of atomic orbitals to illustrate an approximation of the electronic and nuclear Eigenstates in

A2.3. Last but not least we discuss the effect of a static external field in A2.4.

A2.1 Introduction of the Coordinate System and the Hamiltonian

s

center
of mass
frame

1

1

B e e e T 2
i laboratory frame

Figure A. 4 The coordinate system H;

Neglecting rotations and translations of the molecule and going directly to it’s center of mass frame, the
Hamiltonian of system consists of the kinetic energy of the electron, T,, and the nuclei, Ty, as well as of the total
potential energies, V = V, + Vy. The potential energies occur due to Coulombic interactions between the electron

and nuclei, V,y, both nuclei, Vy. The terms are [164],

h? M, + Mg

T, = — \v 2, = - - —=-V 2
¢ 2mg, Mer = Me My + Mg +m, - 27
h? MMz m 1
Ty = ——Vg2 = —__P - vy,2 A.
NE T VRS o T 2 L (A.6)
V — 1 _ QAQQ2 _ Qquz QAQquZ] N [_ 1 _ 1 + i]
(4mey) |r — R4l |r— Rp| [R| |r — R4l |r—Rg| |R|

. Thereby, the conversion from Sl-units to atomic units is implemented using, m, = A = 1/4ney; = q, = 1. The
symbols denote, m, the electron mass, i being reduced Planck’s constant, g, the elementary charge, Coulomb’s

constant, 1/4me,, M denotes the mass of nucleus 4, My the mass of nucleus B. Both masses are equal to the proton

119



Appendix

mass M = My = Mg = m, = 1836 - m,. The and charges of the nuclei are, Q4q. = Qpq. = q. = 1, for protons. The
quantities, u and m,, are the reduced masses of the electron and the protons. Thereby, it is now common to use
me, = m,. The position vectors are, r to the electron and R4 and Ry to both protons such that R = R, — R stands
for the relative vector between the nuclei with the length R. The full Hamiltonian, H, of the Hy molecular ion within
the center of mass frame in atomic units is then,

1 1 1 1

Ve —— = — VRl — (A7)

HRT) =T +Vey + Ty +Vy = = Iral  Irsl 24 IRI
A B

,withry, =7+ R/2and rg = r — R/2. We chose the coordinate system is such that the direction of the R-vector is
fixed in space and points along the z-axis. The nuclear geometry is then purely characterized by the scalar R.
Thus, the time-independent Schrodinger equation (TISE) in full electronic and nuclear coordinates is
HR,MY(R, 1) = EY(R,T) (A.8)
with E being an Eigen energy of the system to the Eigen function 1)(R, 7). In order to construct a solution to this
problem, the TISE for the electronic Hamiltonian, H, = T, + V, at fixed internuclear distance, R, is considered first,
ie.
He(R;m)@(R; 1) = [T + Venlo(R; 1) = E.(R)p(R; 7). (A.9)
Equation (A.9) reflects that one searches an Eigen energy for the electron, E,, (R), together with the corresponding
electronic Eigen function ¢ (R; r) for a fixed nuclear geometry, which is fully characterized by the distance R. It is
clear that for a fixed distance, R, a set of electronic Eigen energies, E,,(R), and, corresponding Eigen functions,
@n(R; 1), exists. Thereby, the ¢, (R; r) form a complete electronic Basis set. Thus, it can be used to describe any
electronic wave function using a proper superposition of these Eigen functions, @, (R;T) = Xy Chon(R;T).
Thereby, the electronic energy can always be calculated using the energy expectation value, E.(R) =
Jdr @ary,” R 1) He@arp (R 1) /1@ary (R )12
Next, ¢, (R; ) with the energy, E,, (R), is used in the Ansatz,

YR,1) = Z on(R; 1) 17 (R), (A.10)

for the full Eigenfunction, 1(R, r). This means that one searches for a solution to the full problem, that is product
of electronic Eigen functions ¢, (R; r) which depend parametrically on the nuclear coordinate R and corresponding
nuclear functions y, (R). The nuclear wave function is thereby dedicated to the corresponding electronic state. One
might state that the y,,(R) plays the role of a complex valued R —dependent weight. Using this Ansatz in the full
TISE yields the following calculation

HR DY, paBnm®|=E ) ou®ma(R)] (a11)

with H(R,r) = H, + Hy = T, + V.5 + Ty + Vy being the full Hamiltonian. Plugging in and considering only one

electronic level yields
D T Vo + T+ Vallgn (R (R)]
= D TLlon R (RN + Ven (1 (B 1200 (RY) + Tl (B3 )0 (R)] (A.12)

+ Vn(R)[@n (R 1) xn(R)D) = E[(pn(R; M xn(R)].

Using the electronic solution (A.9) and that Vy depends on the nuclear coordinates only, simplifies this to
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D BB paBm)ta(R) + ) iy(R) - pnBit)ta(R) + ) Tulon(Ri T (R))

= E[(pn(R; ) xn(R)].
Inserting the derivatives and applying the product rule exemplary for one summand in the last term of the left hand

side (L.h.s.) yields,

(A.13)

1
Tnlen(R; M)xn (R)] = _E{VR[(VRq)n(R;r))X(R) + @n(R;T)(VRX(R))]}

(A.14)
1
= = 5| (T2 0u (i) 1u(R) + 2T (R )) (Vaa (R)) + on (R (Va2 (R)) |
such that the full problem reads,
HR,1)[oR; 1)x(R)]
= . Een(®) + Vu(RD 00 (R )t (R)
1

3 (0 m) 1 R) + 2(Tnn R 1)) (Vata (R)) (A15)

+ a1 (V2 a®)}
= E[p(R; M)x(R)].
So far, the result (A.15) is exact and equivalent to the full TISE in (A.8). However, by using (A.10) and (A.9) in (A.8)
one imagines that the solution to (A.8) has a structure where the ¢,,(R; r)s depend only parametrically on the

nuclear coordinate.

A2.2 Application of the Born-Oppenheimer Approximation

In the next step, the Born-Oppenheimer (BO) approximation is applied by neglecting the first two terms in (A.15).
These terms contain derivatives of the electron wave-function @(R; r) with respect to the nuclear coordinates, i.e.
Ve2@(R; 1) and Vz@(R; T). This is justified as the motion of the nuclei is due their higher mass orders of magnitude
slower compared to the motion of the electron. Also the change of ¢,,(R; r) with respect to a change of the nuclear
coordinate is assumed to be small. Thus, these terms can be neglected in many relevant situations. Neglecting them
yields an approximate expression for the full time-independent problem,

HR DRI = D 9u(Ri1) {Een(R) + Vi (R) - % (762 ®) |} O
" (A.16)

> R Een (R + V(R + T a (RN ~ E Y. pn(Rirdan(®O),
n n
Thereby, the terms have been written in suggestive order [165]. By multiplication of the whole equation with
@,"(R; ) and integrating over electronic coordinates, r, yields the TISE for nuclear problem on the nth BO-
potential, U, (R) = E,,(R) + Vy(R),

{Een(R) + Vi (R) + T} xn(R) = {Un(R) + Ty} xn(R) = Exn(R). (A17)
Thereby, one uses the orthogonality of the electronic problem, i.e. that [ ¢,,*(R; )@, (R;T)dr =0 for n # m.

Equation (A.17) is the TISE for the internuclear distance R in an effective potential, i.e. the Born-Oppenheimer (BO-
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potential), U,,(R), if the electron is in the nth Eigenstate. Thereby, U, (R), contains the electron-nuclei as well as
electron-electron forces via E,, (R) as well as nuclei-nuclei forces, Vy (R).

Similar to the electronic TISE, again a complete basis set of Eigen functions, y,,,,(R) that solves (A.17) with Eigen
energies, £, can be found for each electronic Eigenstate n. If U, (R) has a local minimum a stable chemical bond
with localized Eigen functions and corresponding Eigen energies that are called vibrational levels can be formed. If
U,,(R) has no local minimum, the problem in (A.17) does not support bound states. Thus, no stable chemical bond
occurs and the molecule would dissociate, i.e. the internuclear distance, increases but the electron still remainsin a
bound state.

Similarly to the electronic states, one might use these Eigen functions y,,, (R) to describe an arbitrary nuclear
wave function on the nth electronic potential via superposition, Y,arp(R) = Ynw InvXnv(R) . If the molecule,
however, populates several electronic states the full wave function reads, Y(R,1r) = X, ¢, (R;r)xn(R) =
Yrn 01 (R;r)x1(R) + ¢, (R; 1) x5 (R) + -+, and several U,,(R) play a role, such that (A.17) becomes several BO TISEs.

Altogether, the previous consideration yields the following procedure and physical picture to find an approximate
Eigen function, (R, r), with the Eigen energy, E, of the total system. One, (i) needs to solve the electronic TISE, i.e.
(A.9), with R being fixed but a parameter for the electronic problem. This yields an effective electronic potential,
which the electron produces for the nuclei, E,, (R). This potential changes if one choses another Eigen state of the
electron. It is this energy, E,, (R), which measures the binding energy of the electron if the two nuclei are at the
fixed position, R. (ii) Second, using the found E,,, (R) together with Vy(R) by combining them to the BO potential
U, (R) yields a second TISE for the nuclear Eigen function, y,, (R), and the total energy Eigen energy E, i.e (A.17). A
full Eigenstate is then, Y(R,7) = ¢,(R; T)xn (R) and has the Eigen energy, E,,,. It is the electronic potential which
mediates forces between electron and nuclei. For a general situation, the molecule is not necessarily in one
electronic state, such that (A.17) represents a system of equations.

The BO-approximation is central for arriving at this physical picture. It allows to separate the electronic and the
nuclear problem. This is very powerful and yields very good results in many situation. But it fails under certain
circumstances which are shortly mentioned here. It might be necessary to improve the BO-approximations in
situations where: (i) The electronic presence of probability is ~somewhat unclear-, i.e. in regions where several
electronic wave functions yield similar or even the same energy but have different electronic wave functions
(degeneracy). In this case, the electronic potential is not well defined and can thus, be more sensitive to changes of
the nuclear geometry. (ii) In situations where the relative motion of the nuclei is substantial, e.g. in high-energy
atom-molecule collisions. (iii) Last but not least, it is clear that the BO approximation might yield unreasonable
results when the electron is slow/moves on the same time scale as the nuclei. Under such circumstances, it is
unreasonable to neglect the second derivatives in (A.15)

Next, electronic and nuclear Eigen states are obtained within the method of linear combination of atomic orbitals

in order to familiarize with the physical picture.
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A2.3 Using Linear Combination of Atomic Orbitals to Illustrate the Approximate Electronic an Nuclear

Eigenstate within the Born-Oppenheimer Approximation of H}

In order to familiarize with the previously introduced concepts, of electronic wave function, nuclear wave
function, Born-Oppenheimer (BO) potential and BO Schrédinger equation, a full solution to the TISE of HJ is
reviewed here. Therefore, the method of linear combination of atomic orbitals (LC) is used as it allows to perform
many calculations in an analytical manner. The consideration follow refs [74] [166] [165].

As stated before, one starts at (A.9) by solving the electronic problem for fixed inter nuclear distance R, i.e. one
needs to solve H,(R; 1)@p(R;r) = E,(R)@(R; ). Within the LC method, one uses a superposition of two hydrogen
1s wave functions, which are separated by the internuclear distance, R. Each wave function of the hydrogen atom
has the form, a;,(r) = n~?exp(—#) with # = \/m being the radius in spherical coordinates. As the
molecule’s internuclear axis is kept fixed along the z-direction, cylindrical coordinates are appropriate to give an
approximate expression for the R-dependent electronic Eigen functions. One is the gerade electronic LC wave

function, @4 (R; p, 2),
1
Qgrc(R;T) = ﬁ [a5(ry) + ay5(rp)]

Pgrc(R;x,y,2) = \/% [e‘V"2+y2+(Z+R/2)Z + e‘V"Z+3’Z+(z—R/2)Z] (A.18)
T

Porc(R; p,2) = L[e—‘/ 24 tR/27 | o= /_z+(z—R/z)]_
V2w
The other is the ungerade electronic wave function, ¢, (R; p, z),
1
Quc(R; 1) = E [ays(rp) — ays(ra)]

Ouc(R;x,y,2) = \/%[e‘”z*yz*(z"*/z)z —e™V 2+y2+(Z+R/2)2] (A.19)
s

Quc(R;p,z) = \/L_ [e‘m — e—\/m]_
2

These two functions are assumed to be reasonable approximate expression for the two lowest electronic Eigen

2
energy states. In Figure A.5, two-dimensional cuts through the electron density of |<ngC(R; o, Z)| and
|@urc(R; p, z)|? are shown. For the gerade case, electron density occurs between the nuclei while for the ungerade
case, no electron density can be found between the nuclei. This leads to the formation of the molecular bond in the

first case but not in the second.
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Figure A.5 Electron density of the gerade and the ungerade electronic wave function for Hf obtained within the LC method

a) shows a cut through the electron density, |<pg cR=2;x,y=0,2) |2, of the gerade electronic wave function obtained within
the LC method. Significant electron density is found within the nuclei such that a molecular bond is formed. b) shows a cut

through the electron density, |@,.c(R = 2;x,y = 0,2)|2. In this case, the electron density between the two nuclei is zero and

thus, no molecular bond is formed.

The R-dependence is illustrated in Figure A.6. There, cuts through the real part of both states are shown together
with the fixed nuclear potential along the z -coordinate of the system for some R. By scanning R, each of the
electronic Eigen states, ¢4;.c(R; p, z) and ¢,,;¢(R; p, z) produces an the R-dependent electronic Eigen energy curve,
Eegrc(R) and E,y ¢ (R). Without going into detail further, but following the calculation [74]. Calculating E¢g.¢(R)

and E,,; - (R) analytically yields the following expressions for electronic Eigen energy curves,

E,  (R)=——=—2 . A.20
eouc®) = =g = o R T I T A R+ RZ/3ye R (8. 20)

The corresponding Born-Oppenheimer potential, U(R), is then, Uy ,,;c(R) = E, (R) + 1/R,

gulLc
1,1 (14 R)e 2R + (1 — 2R%/3)e"R
2 R 1+ (1+R+R?/3)e R

. Both are curves are shown in Figure A.6. e). Uy, c(R), has a minimum close to R.4;,c = 5/2 while the BO potential,

Ug,uLC (R) =

(A.21)

Uy,.c(R), is a monotonically decreasing function. Thus, a stable chemical bond with several bound vibrational states
exist on the Uy, (R) curve only. This has been as expected from the distribution of the electron density in Figure
A.5. Figure A.6 f) illustrates the electronic Eigen energy curves, E,,(R) and E,,(R) from a numerically exact
solution, of the electronic problem together with the resulting BO potentials, U, (R) and U, (R), and the probability

of nuclear wave function, |y(R)|? which was obtained by numerical solution the TISE on Uy (R).
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Figure A.6 Linear combination of atomic orbitals to find an approximate ground state wave function for H5

a)-d) illustrate the cuts through the gerade and the ungerade electronic wave-function for different inter nuclear distances

within the LCAO method. e) shows the electronic energies E, ;¢ (R) and E¢y,;c(R) as function of R obtained based on the LC

electronic wave functions as well as the nuclear potential Viy(R) = 1/R. Adding E.4,c(R) and Vy(R) gives the Born-

Oppenheimer (BO) potentials, Ug,¢(R) and Uy, (R) the LCAO approximation which are shown in addition. Also shown is

|)(§0LC (R)|2 of the nuclear groundstate eigen function ygo.¢(R) if the BO potential is approximated using a second order

Taylor series around the equilibrium distance, R; ;40 = 2.5. f) shows the same curves as e) but with the electronic eigen

energy curves from a numerically exact solution of the electronic problem, E,,(R) and E, (R). The vibrational ground

state, |x(R)|?, has been found by solving the TISE on Uy (R) numerically.

In order to find an approximate expression for the vibrational wave function, y . (R), the analysis is continued

by approximating Uy c(R) using a Taylor series up to quadratic order around R4 c = 5/2, ie. Uy c(R) =

Ugrc(Reque) + %(?ZUQLC(R)/GR2|RO (R = Rqrc)?. AS Reqic is close to a minimum, the first derivative is zero. Using

MATLAB'’s symbolic functions tool box one finds angLC(R)/6R2|R ~ 0.0619 and UgLC(RqLC) ~ —0.5648 such
eqLC

that the approximated BO potential is

1 2 1 2 2
Ugic(R) = —0.5648 + 50.0619 (R—Rgic)” = Eerye + EkLC(R —Ryc)™

Finding the nuclear ground state wave function means to solve,

1 1 2 -
(_Z(VRZXQILC(R)) + Eeg, . + Ekfc(R - ReqLC) ) Xgic(R) = EnyrcXgirc(R),

(A.22)

(A.23)

which is the BO-TISE for the nuclear part of the wave function, i.e. (A.17). First, the constant part is split of using

Evc = Enyic — Eeqgr, - Introducing, k?c = k#c/u, yields the nuclear TISE, which has the form as a harmonic

oscillator,

1, 1 2
(ZVR x(R) +EI'”CLC(R - RqLC) ) Xg1.c(R) = EyrcXg1ic(R)

(A.24)
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. It's Eigen energies are,

Ev = K¢ (V+§) =W(V+5) V= 0,1,2,... . (AZS)

The corresponding wave function of the nuclear ground state is a Gaussian centered around R, i.e.

1/4
Xgorc(R) = (#KLC)1/4e_%“"LC(R_REqLC)Z = <@> e‘%\/ﬁkLC(R_ReqLC)ZI (A.26)
T T

The full electronic and nuclear wave function of the vibrational and electronic ground state within the

approximation from above reads, ;1. (R, 7) = @g1c(R; ") X g11c(R), ie.

1/4
‘/ﬁk“') e —\/—”—;C'“C(R—Rcuc)2

— [e‘\/p2+(z—R/2)2 + e-Jp2+(Z+R/2)2]. (A.27)

™ V2r

l»bglLC(Rrp' z) = (
From (R, p, z), one might see that the nuclear wave function kind of weights the contribution of the R-dependent
electronic wave functions.
The vibrational ground state adds about energy E,_, = 0.001 a.u.= 0.0272 eV to the approximate total energy of
the system, i.e.

Epyic = Evic + Eeqr,e ~ —0.5658 a.u. ~ 15.40 eV. (A.28)

The total energy, E,,,c, is the energy that is approximately needed in order to separate all three particles, i.e. to go
from a stable H; molecular ion in its vibrational ground state to two protons and a free electron, Hy - p* +p*t +
e”~. The energy that is needed in order to separate a hydrogen atom from the Hi molecule, i.e. to dissociate it, Hy —
H+pt,is

Dyre = Enyre — EegLC(

R — o) = —0.5658 — % ~ 0.0658 a.u.~ 1.79 eV. (A.29)

In Figure A.6 f), this result is compared with a calculation that uses the exact BO potential of the real H; molecule.
First, the LC result yields wrong equilibrium distance, i.e. Roq;c ~ 5/2 compared to R4, = 2. Second, the
dissocation energy, D; = 1.77 eV, is smaller compared to D = 2.79 eV. The shape of the LC nuclear wave function
is a lot wider compared to the exact ground state nuclear wave function. As the consideration illustrates, these
differences originate from constructing the molecular electronic wave function, ¢ (R; 1), as superposition of exact
atomic wave functions. This procedure causes an erroneous probability of presence for the electron and in turn,
causes an erroneous electronic potential, E,(R). Finally it leads to a slightly wrong BO potential, U(R), which
establishes an erroneous nuclear wave function. For comparisons of experimental and theoretical data one should
use the exact BO potential instead of the LC results

Reviewing the LC method in combination with approximating BO potential by a quadratic function around the
equilibrium distance is very useful to illustrate the physical picture of a chemical bond. Phenomenologically, the
chemical bond might be summarized as follows. An electron around two protons has a probability of presence which
is described by the electronic wave function, ¢ (R;r). It forms an electronic potential, E,(R), such that the two
protons can be bound together although their positive charges without the electron would repel each other. For Hf
this is only possible if the electronic wave function, ¢ (R; r), is in the ground state as the BO potential, i.e. E,(R) +
1/R, has a minimum in this case. From this perspective, it seems to be reasonable that modifying ¢ (R; r) by e.g.
applying a static external field yields a modified E, (R) and thus a changed U(R), which in turn yields an effect on
the nuclear wave function, y(R), such that e.g. the equilibrium distance is changed. Changing the nuclear wave

function reacts back on the electronic wave function as the electron wave function rearranges due to the new
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position of the nuclei. Now, imagine a quasi-static but rapidly oscillating field where the ¢ (R; r) follows the field
almost instantaneously, very rich effects on the nuclear wave function, y(R), can be expected.

The effect of an external field on the electronic states and thus on the BO potential is illustrated in the next section.

A2.4 Two-Level Perturbation Theory Applied to H7 in Static External Electric Field

a) F=5x10"au ~ I =87 x 10°W/cm? b) F=5x10" 0wzl = 8.7 x 10°W/em? c) F=55%10""auw=1 =87 x 10°W/em®
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Figure A. 7 Influence of a static electric field on the electronic wave function within the perturbation theory

a), b), d) and e) illustrate a cut through the ¢_;-(R; z, F) and the ¢ ;¢ (R; z, F) electronic wave functions in a static external
field obtained based on the field-free LCAO solutions and within perturbation theory of a two-level system. The wave
functions are shifted in energy such that their baseline match the energy Eigen values, E,_, . and E, _, . as calculated based
on (A.33). For weak fields and small distances, i.e. a) and b), the cut resembles the mixing of the field-free wave function. For
the strong field case, d) and e), the +-state lies energetically above the barrier and would thus ionize very quickly. The
electronic ground state, however, is still bound but could tunnel through the potential barrier similarly to the situation in an
atom. c) and f) shows the resulting BO potentials in the field. The +-state is bend up while the --state is bend down. Increasing

the field strength, increases the strength of the bending,

Here, the electronic problem of HY within a static external electric field is solved, using a two-level model and first
order perturbation theory as detailed in A3. Although it is generally not necessary, the field-free solution to the
electronic problem are assumed to be the LC wave functions as used in A2.3. In this way, the analysis can be done
with analytical expression to a large extend and is useful for illustrations and for getting insight. However, for the
comparisons to experimental data always use the exact electronic Eigen energies, i.e. E;(R) and E,, (R).

Adding a static electric field of the strength, F = Fe,, adds
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VF(R, r, F) = F(QARA + QBRB - T)ez (ABOJ

to the Hamiltonian of the field free problem (A.7). Using the simplifications, Q, = Qg and R, = —R/2 = —Rpg, as Hy

is a diatomic molecule yields,

H(R,7,F) 1v2+1 1v2 ! 1+F
,F)=—— —_— == ————+r
2u K IR| 2" [ral  I7gl (A31)

HR, 17, F)=Ty+Vy+T,+Voy +Vop = Hy + H + V,r = Hy + HY + HF.

Working along the lines of the BO-approximation by considering the electronic problem with fixed nuclei and

applying perturbation theory for the influence of the static field yields the Schrodinger equation,
H,(R;m,F)p(R;r,F) = (H + H,F)p(R;1,F) = E,(R, F)p(R;1,F). (A.32)

Here F takes the role of the perturbation, 4, in A3. Continuing within the two-level LC model by assuming that the
field-free solution of the unperturbed system are given by the LC wave functions ¢4,c(R; 7) and @,;c(R; T) in (A.18)

and (A.19) yields the exact solution for the two-level Eigen energies in the field,

Boyso(RF) = 3 (Fugyo(B) + oy () £.2 J (Begic (B = Bepo(®) + 4F2guclrliec) 2 (A33)

Thereby, the expression for the perturbed energies in (A.49) has been applied with Hy; = (g,c|H? + H,F|g.c) =
EegLC(R) and  Hy, = (uyc|HY + HoFluyc) = EeuLc(R) because, (giclHelgrc) = (uiclHelue) = (grclrlgic) =
(uclrlugc) = 0and Hyp = (gpclHE + HeFluyc) = (grclHElure) + Fgiclrlusc) = F(giclrluc). The new  Eigen

states of Hy in the field are found by evaluating,

1 ( Fl{grclrluie)l )
- ¢ =-atan( -2 (A.34)
2 EEHLc(R) - EeuLC(R)
and using it in the expressions,
@_1c(R;1,F) = cos{ @grc(R; 1) + sin{ @y c(R; 1)
(A.35)

Qic(R;1, F) = =sin{ @grc(R; 1) + cos{ @y c (R T).

. It is common to approximate further the transition dipole matrix element, d(R) = (g|r|u), of Hf [167] [151]

R 1
dic(R) = (grclriue) = E<\/1 eI RT R2/3))2>' (A.36)

With (A.33) to (A.35) one has exact expressions for the electronic Eigen energy and wave function of a two-level
model of H in an external field with the LC approximation using the field-free Eigen functions as basis set.
Figure A. 7 illustrates the influence of the static laser field on the electronic wave function together with the field’s

effect on the BO potential. The shown curves have been calculated using (A.33) with potentials as given in the
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caption. Our consideration shows that the field leads to a changed electronic wave function, which leads to a
modification of the R —dependent electronic energy curves. Thereby, the ¢_, --state, i.e. the electronic ground state
in the field causes a BO potential, which favors an increase of the inter nuclear distance, R. It can thus, induce a
stretching motion for the nuclei as the binding region is widened due to the static external field. In addition, a
tunneling barrier is formed. If the electron is, however, in the first excited electronic state in the field, i.e. in the
@41c-State, the corresponding BO potential curve bends up. If the field is strong enough, the corresponding BO
potential forms a minimum towards which the nuclear wave function might be pushed such that R might be
reduced, see Figure A. 7 f).

The analysis of the electronic wave functions can be continued by considering several limiting cases that are

discussed in A3. For small R, E, , .(R) — (R), is large such that the approximation of a non-degenerate system

EegLC
can be used. Using (A.53) yields approximate wave functions,
F(gpclrluc)
AEeugLC (R)
F{(grclriuc)
AEe, e (R)

(R). The energy correction in first order perturbation theory is zero. Thus,

O_c(R;1,F) = g1 c(R;T) — Purc(R;T)
(A.37)

Qic(R;1 F) = @yrc(R;T) + @grc(R;T)

, with AEeuch(R) = Ee,; (R) — Ee e
first non-zero energy corrections are quadratic in the field, i.e.

(F(grclrluyc)?
AEeuch(R)

(F(gLC|T|uLc))2

AEeugLC (R)

Ee_(R,F) ~ Eech(R) - Ee_(R,F) ~ Eech(R) -
(A.38)

E€+(R!F) =~ EE’LLLC(R) - E€+(R1F) =~ E (R) +

euLc

The system is degenerate for large distances as, E,, .(R) = Eeyic (R) = —1/2, such that the energies of [+) and

|- ) are approximately,
1
Ee,(RF) = == £ Fl(gyclrluol, (1.39)

and the corresponding states in the field are

1
9-1c(RiT F) = == (0gc(RiT) = puc(Ri 1))

V2

1 (A.40)
Qic(R;T, F) = ﬁ ((ngc(Ri )+ @uc(R; 7'))

A compromise between non-degenerate system and strictly degenerate system might be given using (A.56). [t yields
for the energies at intermediate R where the electronic system is nearly degenerate,
Ee_LC(R' F) = EegLC(R) — F(grclrluLc)
Ee,,.(RF) = E, , (R)+ F(giclrluy).

As the Eigen functions in the field, one might use expressions (A.19) in this case, too.

(A41)
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Figure A.8 Influence of approximate expressions for electronic Eigen energies in the field and on the BO potential

Various approximations to calculate the BO curves in the field within the LC method are compared. Altogether, the
approximate curves in comparison behave as expected. In addition, more realistic BO curves in the field, i.e. U, (R, F) and
U_(R, F) are shown. They have been calculated based on the exact field free BO curves, U, (R) and U, (R), in combination with

(A.35) where the LC transition dipole matrix element has been used.

We compare the influence on the BO potential of the approximate expressions for the Electronic eigen energy
curves in the field obtained within the LC method in Figure A.8. Altogether, the difference between the exact
solution, (A.33), and the approximate expressions, (A.38), (A.39) and (A.41), as function of R behave as expected. At
small R, (A.38) fits extremely well and better than (A.39) and (A.41). Atlarge R, however, it does not reproduce the
behavior of the exact solution. In this region, (A.39) fits the exact solution extremely well. The compromise between
the cases of (A.38) and (A.39), i.e. (A.41) the solution for a nearly degenerate system, matches the exact solution
reasonably well over a large range of R. However, the match is not perfect particularly close to the equilibrium
distance R.

Besides this comparison of different expressions for the BO potential within the LC method Figure A.8 contains a
more realistic BO curve in the laser field, i.e. U.(R,F) and U_(R,F). For these curves, the exact field free BO
potentials, U (R) and U, (R), have been used together with LC transition dipole matrix element, d;¢(R) to calculate
the BO curves in the field using (A.36). It is this model of the electronic structure of H; that is used to describe the
ionization dynamics, which are compare to the measurement results in chapter 5. For the transition dipole moment
at small Rs around the equilibrium distance we used more exact calculations, see chapter 5.3.

Independent on the details of the used approximations for the BO potential or the coupling in the field, one might
draw the following picture of the interaction between HJ and a static external electric field F. The external field
changes the probability of presence of the electron (expressed by finding the new Eigenstates in the field as
superposition of the field-free Eigenstates). This affects the BO potential curves to which the nuclear wave function

reacts.
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A3 Perturbation Theory of Two-Level Systems

Here we summarize central results of two-level perturbation theory in order to have them at hand for the one-

dimensional two-level model of strong-field photoionization of Hj . The considerations follows [168].

A3.1 Time-Independent Perturbation Theory

After the previous review of the Hy molecule within the LC approximation, perturbation theory of a two-level
system is reviewed here. The results of the calculations here are the more general basis for the calculations in the
previous chapter.

Consider a two-level system with the perturbation free Hamiltonian, H?, that has the two eigenstates, |1) and |2)
with corresponding eigenfunctions, ¥; and ¥,, and the Eigen energies, E; and, E,. Introducing the perturbation,
AH', of strength 1 one hopes that the superposition,

Y =a Y, + Y, = aq|1) + a,|2) = |Y), (A42)
solves the problem
Hly) = [H° + AH'[) = E|). (A.43)
Thereby, |) is Eigen state of the perturbed system with the corresponding Eigen energy, E. Using the Ansatz (A.42)
in (A.43) yields
a,(H — E)|1) + a,(H — E)|2) = 0. (A44)
Multiplication of once with (1| and once with (2| gives

(1la,(H — E)[1) + (1]a,(H — E)|2) =0

(A.45)
(2la;(H — E)|1) + (2|ay(H — E)|2) = 0.
By employing (1|2) = (2|1) = 0 and (1|1) = (2|2) = 1 and denoting, H,, = (1|H|2) one arrives at
- a,(1|H|1) — a,E (1|11) + a,(1|H|2) — E(1|2) = 0 (A46)
- a,(2|H|1) — a4 E (2|1) + a,(2|H|2) — a,E(2]|2) = 0. '
This is a system of equations for the coefficients,
a;(Hyy —E) +aH;; =0 (A47)
a;Hy1 + ay(Hy, — E) = 0.
The Eigen values are found by searching for roots of the determinant of the matrix,
=B e )
Hy, Hy, —E (A.48)
= (Hyy —E)(Hy, — E) — HipHyy = E? — E(Hyy + Hyp) + Hy Hyy — HipHyy = 0.
The solutions are,
1 Hyq + Hyp\?
E, = E(Hn + Hy) £ (T) — Hy1Hyy + HipHpy
(A.49)

1 1
Ey =5 (Hip + Hy) £ E\/(Hn — Hy2)? + 4H1pHyy

Hi, = Hy;" > HypHyy = |H12|2
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1 1
Ey = ) (Hyy + Hypp) £ E\/(Hu — Hy,)? + 4|Hyp,|%

With this, one has expressions for the perturbed Eigen energies, E, and E_.
Next, expressions for the corresponding perturbed Eigen states, |[+) = a,|1) + a,|2) and |- ) = b,|1) + b,|2) need
to be found. Expressing the coefficients in the form of sine- and cosine-like functions, following [168],
|—) = cos{ |1) + sin{|2)
|[+) = —sin{ |1) + cos {|2).
It ensures that they are orthonormal as, (—|+) = —sin{cos{ + cos{sin{ =0 and (+|+) = cos?({) (1|1) +

(A.50)

sin?({) (2]2) = 1 = (—|—). The perturbed Eigenstates are then found by setting up the matrices U and U~! and

constructing the matrix equation,

(o £)=vmo=( 00 o)l w2 (e woer) = 0)

a = H;;c0s2{ + H,,sin?{ + 2H;, cos{sin{

b = Hy,(cos?¢ — sin?¢) + (Hy, — Hy1) cos{ sin{ (A-51)
¢ = Hy,(cos?{ —sin?{) + (Hy, — Hy;) cos{ sin{
d = Hy,cos%{ + Hy;sin?¢ — 2H;, cos { sin{.
Solving b = ¢ = 0 yields,
Hy,(cos?¢ —sin?{) + (Hy, — Hy;) cos{sin{ =0
” (HZZH—ZZHH) - cosc;zSE SSllrrllff - _%tan(zo ” _ﬁ = tan(Z) (A.52)

1 ) ( 2H;, )
- = - —_———].
C=\ T, —H,

For a non-degenerate system, where the energy difference, E, — E;, is large, the term 2H,,/(H,, — H,;) becomes

small such that one approximates, tan(2{) = 2{ - {  —H,,/(H,; — H;;). Thus, using cos{ = 1 and sin{ = (,

yields,
|Hy|
|-) = [1) — ——2—|2)
H22 _Hll (A53)
)~ 12+ el gy |
H22 _Hll

And the new states are dominated by old states but mixed with a contribution from the other state that is inversely
proportional to the energy difference. Thereby, the energies remain approximately unchanged, E_ = E; and E, =
E, for Hamiltonian perturbing which fulfills, (2|H'|2) = (1|H'|1) = 0. The first non-zero correction to the energy in

this case occurs if the second order correction is considered. It is [168]

IHyP

S ERCE (A54)
E, ~E, + |Hy,|? _
E,—E;

The second order correction to the wave function can be found e.g. in ref. [168].
For a degenerate system where H,, — Hy; = 0, i.e. E; = E, one has tan(2{) - —oo such that { = —/4 and the

perturbed Eigen states are a complete mixture of the unperturbed states

1
[—) = E(ID = 12)) (A.55)
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1

=7

(I11) +12)).
In this case, the corrected energies are
1
E, = > (Hyy + Hyp) £ Hyo. (A.56)

As Hy, =~ Hy; one might write, Ey = Hy; & Hy,.

One might consider the case of a nearly degenerate system where the approximation (H;; — H,,)? = 0, is used
instead of H,, — Hy; = 0. Using H,; + H,, = 2H;; = 2H,, but accounting for the difference between H;; and H,,
yields,

Ey;- =Hy;y —Hyp
Ezz+ = Hyp + Hys.

(A.57)

A reasonable approximation for the wave functions in this case is to as it avoids the divergence in (A.54). It
represents an equal mix of the states without perturbation. This approximation might be used if one seeks an

approximate expression for a compromise between the two limiting cases.

A3.2 Time-Dependent Perturbation Theory

Time-dependent first-order perturbation theory is shortly reviewed here and later specified for a two-level

system [168]. One starts at the time-dependent Schrodinger equation (TDSE),

0 0

= H(©) = HOWE = i [h(©) = HOWO), (A58)
with the explicitly time-dependent Hamiltonian, H(t) = H® + H'(t). It consist of a time-independent part, H°, and
the time-dependent perturbation, H'(t), of strength A, ie. H'(t) = AH"'(t). The wave function, ¥(t) can be
expressed as superposition of a chosen complete set of orthonormal Eigen states of the unperturbed Hamiltonian
HC,

[B(O) = $© = ) an©pa) = ) an®ln), (A59)

n n

where the coefficients, a,,(t), are time-dependent while the wave functions, i, (r), respectively the states |n) are

time-independent. Thereby, }.,;|a,,(t)|> = 1 ensures the normalization of 1 (t). Using, in the TDSE yields,

9] d
i) @l =i ) San©ln) = [H+H©]) a®ln)

(A.60)
5]
502, O =) Ha®ln + ) H®a,om
, and multiplication with (m| brings in matrix form,
d
im| aznan(t)lm = (m| ZnH"an(t)In) + (m| ZHH’(t)an(t)In)
i%znan(t)(mln) = Znan(t)(mIH" In) + Znan(t)(m|H’(t)|n) (A61)

(Y Sungran®= Y @Ot Y @y (OHn)

133



Appendix

, where the abbreviations, S,,,, = (m|n) = [ ¥y, (r)i, (r)dr is called the overlap integral (reff tannor), and HY,, =
(mIH® [n) = [ Y (M[H® Y, ()]dr and H,, (£) = (m|H' (£)In) = [, ()[H' (), (r)]dr are matrix elements as

the interpretation of (A.61) as matrix equation illustrates,

2D GO = Y @ OH Y O (®

] 511 Slz e dl H](.)l Hfz T al H{l(t) Hjl_z(t) T al

=S5 Sy ||d2| = |HY, HY, [ T |Hz.(t)  Hza(0) [ ]
Slldl + Slzdz + oe
-1

[ SZldl + Szzdz + | =

(A.62)

HYa, + HYa, +
HY,a, + HYa, +

Hi;(t)a, + Hi;(Da, +
+ |Hyi (H)a; + Hyp(a, +

. Using that S,,,, = 0 and HY,, = 0 for m # n as the chosen complete basis set is orthonormal and in addition,

plugging in that the basis is are Eigen functions of H? that fulfill, H,, = E,,, yields

Eiay] [Hu(®a; + Hi;(Oa; +
L— az] Ezaz + Hél(t)al + Héz(t)az +
: , , : (A.63)
d [ [E; + H{;1 (1] Hi, (t) -] %
2 az] |0 o) |

This result s further simplified by approximating the system with two levels and considering a perturbation which
fulfills, H,,,(t) = 0. Using both, one arrives at the matrix equation that is appropriate to describe the interaction of
a two-level model, e.g. Hf, in a time-dependent external field,

0 /
glel=la nille) (469
Equation (A.64) represents a system of a linear differential equations for the time-dependent coefficients, a; and
a,.

Solving (A. 63) and (A.64) respectively is appropriate to describe two-level dynamics such as Rabi cycling of a
two-level atom in an external laser field. Thereby, the chosen Eigenstates depend the spatial coordinate, r, of the
electron only. The system is then fully characterized by ¥ (t) = a,(t),(r) + a,(t),(r) where it is stressed again
that ¥, (r) and ¥, (r) are time-independent Eigenstates of the perturbation free problem. For molecular dynamics,
however, 1 (t), depends on the electronic and the nuclear coordinates, i.e. Y (¢, r, R). It makes the problem a bit more

complicated but does not change much on the principle. The TDSE reads,

ST R) =55 lou B (R ) = K@Y IonRrDa(R ) = HOWETRY,  (A6S)

where the time dependence is written suggestively into the nuclear part of the wave function, y,(R,t). The
electronic Eigenstates, |¢,(R; 7)) = |n), are used as the basis for the electronic problem and are time-independent
similar to simpler case before. Multiplication from the left with another electronic Eigenstate, {¢@;,(R; )| = (m|,

yields,

d
iml 5 ) 10n (RN a (RO = (mIH(®) ) Im)la(R,0)
d
) (min) G (R, 0) = (mIH(®) ) Imln(R,0) (4.66)

(Y S (R0 = ) Hun© ROV = Y [Hon + i O] 20 (R, ).
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Next one uses that the electronic basis set is orthogonal, i.e. (m|n) = 0 = HY,, for m # n, and plugs in that H,,(R) =
E.,,(R) yields the electronic Eigen energy curve, E,,,(R). Further, the perturbation is assumed to fulfill, H,,,(t) = 0
for m = n. One arrives at the TDSE for the nuclei where several BO-potential curves, U, are coupled by the time-

dependent perturbation, H;,(R, t)

d [1(R. ) HY(R)  Hi(Rt) xR, 1)
e | R O| = |Hu (R HE(R) x2(R,)
d [1:(R.©) Ty + Eea(R) + Vy(R) Hi(R,t) xR, t)
b |eROI= H1 (R, 6) Ty +Eu(R) + VyR) .|| xR, 0) (A67)
d [ Ty + Ui(R)  Hiz(R,t) xR, t)
ia Xz(}'?: = Hél('R' t) Ty+ 'UZ(R) XZ(R: t)|

The operator, Ty, stands for the kinetic energy of the nuclei, Ty = V*/2u, with u being the effective mass of the

nuclei. For a two-level system this simplifies to

d [x.(R, t)] [TN +U;(R)  Hip(Rt) [X1(R, t)
dt x2(R,t) Hi;(R,t) Ty + U, (R Ly (R, OF

(A.68) is formally integrated in order to illustrate the effect of coupling the nuclear wave functions on two BO

(A.68)

potentials, i.e.

t1 t1
nR ) =-i| [Ty+UR)]x (R thdt — if Hi;(R, t)x2 (R, t)dt'
to to

(A. 69)

ty

1
iR )z (R, £)dE — i f [Ty + Uy (R) 1o (R, )t

to

t
XZ(R; tl) =—i f
t

0
Specifying the coupling as dipole interaction, H{,(R,t) = H;;(R,t) = E(t)d,,(R), with the field, E(t) and the

transition dipole matrix element, d,,(R), yields

21

[Ty + U (R)]xa (R, t)dt’ — iftlE(t')du(R))(z (R, t)at’

to

Xl(Rl tl) = _lf
to

N . (A.70)
X2(R, t) = —i [Ty + U;(R)]x2 (R, t")dt’ — ij E(t)d;,(R)x1 (R, t")dt'.

to to

The nuclear wave function on each of the BO curves consist of a summand which is representative for the field
free evolution of the nuclear wave function on the respective BO potential, i.e. the first summand in (A.70). In
addition, there is a second summand which can be understood as a copy of the nuclear wave function on the other
BO curve. The strength of the generated copy is proportional to the strength of the electric field, E(t), and the
transition dipole matrix element, d;, (R). Further it scales with the complex amplitude of the wave function on the
other surface. Due the complexity of y; (R, t") and y, (R, t"), the contribution from the copy can interfere with the
part of the wave function which is already on the respective BO potential. Thus, the coupling can lead to an
enhancement (constructive interference) or suppression (destructive interference) of the probabilities on each of

the curves, |x; (R, t")|? or |x,(R, t)|?.
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A4 Split-Step Method for Numerical Solution of the Time-Dependent Schrédinger

Equation

Here we shortly review the split-step for numerical solution of the time-dependent Schrédinger equation (TDSE).
It is introduced following the description in [166] in A4.1. Afterwards, it is demonstrated how it is applied to the

coupling of several BO-potentials in A4.2.

A4.1 The Split-Step Method for Numerically Solving the TDSE

The split-step method [149] [166] is used for numerical solution of the time-dependent Schrédinger equation on
a grid. For the time-evolution of the wave function, )(x, t), on a single time- and space dependent potential, V (x, t),

reads

i%p(x, £) = H(x, Op(x, ) = [%W + V00| w0
P p? (A71)
ial/)(x, t) = [% + V(x, t)] Ylx, t) = [T+ V(x,t)]p(x,t).

It has the formal solution,

P(x,t) = e"HEDGY(x, t = 0). (A.72)
P(x,t) as well as the potential V (x, t) are represented on a spatial grid with N points between the starting point,
xp, and the endpoint, x,. Thus, the x-step width is, Ax = (x, — x;,)/N , which leads to the discretization in
momentum space, Ap = 2r/AxN, and a momentum range between —p,,, = —r/Ax and p,, = +m/Ax.

Using the symmetrized split step algorithm, the wave function at the time, t + At, is approximated by numerical
calculation,

Y, t + At) ~ eV EOMIZFRT [e=iTaFRT [~ DM 2y (x, £)] | (A.73)
, starting from the innermost brackets. Thereby, FFT stands for the fast-fourier-transform operation, which is a
numerical method to calculate the discrete Fourier transformation. It’s inverse operation is denoted by iFFT. The
Fourier transformation connects the wave function in real space representation, 1 (x, t), with its momentum space
Y(p,t), ie. Y(p,t) = [[Y(x, t)exp(—ipx)dx]/v2m. Repeating the full operation until, t, = kAt, yields the wave
function on the x-grid and p-grid at every time, t;, between the starting time, t, and an end time, t,,4. In Fourier
space, the momentum propagator is T = p?/2m with m being the mass of the particle.

At every time-step, observables of interest such as the probability distribution |1(x, t)|? or expectation values of,
eg. the position operator Xx.,(t) = [ *(x,)xp(x,t)dx or the momentum operator, Pe,(t) =
[4*(p, t)pyY(p, t)dp, can be calculated and saved for later analysis and interpretation of the numerical results.
Similarly, it is possible to calculate projections, c(t), onto e.g. an Eigenstate of interest using c,(t) =
[ 5 ()P (x, t)dx. In the example, 1, (x), denotes e.g. an Eigenstate of e.g. the time-independent Hamiltonian. This
enables to evaluate time-dependent population, P,(t) = |c,(t)|?, of the nth Eigenstate of the system. An important

observable that is used to check the reasonability of the calculation is the norm wave function n(t). The norm of
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the wave function on the grid is ng,(t) = [*(x, ) (x, t)dx. It should be n(t) = 1 over the whole calculation
unless there are understandable and justified reasons why it is not.

An imaginary boundary is applied in the region around the boundaries of the x-grid. This avoids that parts of the
wave function that are reflected from the boundaries of the grid perturb the calculation. The boundary, V;,,,(x), has

cos?

-shape and reads, Vj,(x) ~— 10icos?( [r/2x,,] [x — Xpje T+ xw]) for x <xp +x,;, x>x,—x, and 1
otherwise. Thereby, x,, is an adjustable width, which is chosen appropriately. The imaginary boundary is used in
the following way. After propagating w(x,t) using (A.73), one calculates, Y'(x,t+At) =
exp[—1iAtV;,,(x)] ¥(x,t + At), at every time step At. The next propagation step is done using ¥’ (x, t + At). It is
clear that this procedure, causes a loss of probability at every time step. This lost probability has the norm,
N (At) = [P(x,t + At)|? — |’ (x, t + At)|%. The time-dependent evolution of the absorbed norm is then n;,,, (t) =
Y nim (At). With absorbing boundaries, not n(t) = 1 needs to be constant but, n'(t) = n(t) + n;,(t) = 1. A similar
approach for checking the norm can be used if other loss channels such as ionization are included. However, it is
important to have a comprehensive understanding of these loss channels.

In order to check the convergence and stability of the numerical solution, it is common to repeat the calculation
several times using different sizes, x, — x; and number of points, N, on the grid and different sizes of the time step
At. If reducing the number of grid points does not change the result of the calculation anymore, the numerical result

can be accepted as having converged.

A4.2 The Split-Step Method for Coupled Potentials

Having shortly reviewed the split-step method for time-evolution of the wave function, ¥)(x, t) on a single time-
and space dependent potential, V(x, t), the method is extended to the case where several such potentials, V;(x, t),
are coupled. Such a scheme is needed if e.g. several electronic levels of a molecule are coupled by an external laser
field as it is e.g. the case for a two-level model of H5 in chapter 5.3. The consideration is done specifically for a two-
level model here. However, it is straightforward to extend it to more levels.

In order to illustrate the idea of the scheme, the TDSE of a two-level system in matrix, i.e., (A.64) is considered first
[153] [166],

.4 Hy, H12] d _[HY H{Z] aq . d B
ldt[ ] [H21 H,, ] ldt[ Hj, Hé)2 [az] - ldt A(t) = H(t)A(t)

(A.74)
- A(t) = exp (—l H(t’)dt')A(to).
to
For a numerical solution of this problem one writes,
T + V, V
S At + AY) = exp(—iH(D)ADA(Ly) = exp< ;2111 , +1§/22]At),4(t0). (A75)

Where the expression, exp(—iH(t)At), represents the matrix exponential which is the first term in a so-called
Magnus expansion. Although it is not necessary, one has renamed, H); = T + V;,, being the time-independent
Hamiltonian and V,, (t) = V,, as well as V;,(t) = V;, being the time-dependent perturbation that couples the states

1 and 2 within first order time-dependent perturbation theory. The introduced error due to using only the first
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order in the Magnus expansion is sufficiently small if At is sufficiently small, see [166]. Next one splits, the matrix

exponential similarly to (A.73).

> A(t + At)
_ Vi Vi At>, T 0 ( Vi Vi At) (A76)
_exp<—l v V22]7 iFFT [exp (=i o ac)| FFT [exp -], V22]7 A(to)]-

The used algorithm would be the same as in (A.73), however, the part of the propagation step which is done in real
space, i.e. exp(—iV (x, t)At/2)(x, t), has become a matrix exponential now, i.e. exp(—iWAt/2), with W being not
necessarily a diagonal matrix. For the relevant cases there is a transformation, U, which transforms W to a diagonal

matrix, D = U"1WU, of which the matrix exponential can be calculated by,

. _ (exp(—id;At/2) 0 )
- exp(—iDAt/2) = ( 0 exp(—id,At/2)) (A.77)
, with d; and d, being the entries of D. Thus, the operation (A.76) can be done in the following way,
At At
- A(t + At) = Uexp (—iD 7) U-YiFFT [exp(—iTAt)FFT [Uexp (—iD 7) U‘1A(t0)”. (A.78)

This result is not limited to two levels and can be used for any diagonalizable matrix, W. However, it means that one
need to calculate the transformation U at every time step. As demonstrated in A3 and in [153] [166], the
transformation and the diagonal matrix can be calculated analytically exact for a two-level system which makes the
calculation particularly robust and fast for the case of a two-level system.

Similarly to the extension of the simple two-level problem to the coupling of several BO-potentials in (A. 63), the
scheme can be extended to include the dependence on the nuclear coordinate by making the transformation, U =
U(R), as well as the diagonal matrix D = D(R) R-dependent, i.e.

x1(R t+ At)]

(A.79)

’

exp (—iD(R) %) U~'(R) x iFFT lexp(—iTAt)FFT [U(R)exp (—iD(R)At%) U~'(R) 1R, t)”

XZ(R' t)

written explicitly for two-levels here. As written here, the scheme is appropriate to solve the TDSE on several
electronic levels. Extending it to more than two BO-potentials is straight forward, however, D and U are not
analytically exact available anymore and must be found by numerical means.

Mentioned strategies to check the convergence and reasonability of the numerical results remain the same as for
the propagation on a single electronic state. One varies the temporal and spatial grid until the result of the
calculation does not change anymore. Thereby, the calculation is continued for a time-interval after the laser pulse

is over until all observables have converged.
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