Chapter 1
Molecular Movies from Molecular Frame

Photoelectron Angular Distribution (MF-PAD)
Measurements
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Axel Hundertmark, Per Johnsson, and Marc J.J. Vrakking

Abstract We discuss recent and on-going experiments, where molecular frame
photoelectron angular distributions (MFPADs) of high kinetic energy photoelec-
trons are measured in order to determine the time evolution of molecular structures
in the course of a photochemical event. These experiments include, on the one hand,
measurements where single XUV/X-ray photons, obtained from a free electron laser
(FEL) or by means of high-harmonic generation (HHG), are used to eject a high en-
ergy photoelectron, and, on the other hand, measurements where a large number of
mid-infrared photons are absorbed in the course of strong-field ionization. In the
former case, first results indicate a manifestation of the both the electronic orbital
and the molecular structure in the angle-resolved photoelectron distributions, while
in the latter case novel holographic structures are measured that suggest that both the
molecular structure and ultrafast electronic rearrangement processes can be studied
with a time-resolution that reaches down into the attosecond and few-femtosecond
domain.

1.1 Introduction

Much of our knowledge about matter on the nano-scale is based on studies of the
interaction of matter with light. Consequently, the invention of lasers in the infrared,
visible and ultra-violet parts of the wavelength spectrum has greatly benefitted our
understanding of chemical and physical processes. Using lasers, very insightful ex-
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periments have become possible, which operate either in the frequency or in the
time domain. The latter type of experiment has been particularly informative. Us-
ing pump-probe approaches, where a first “pump” laser pulse triggers a structural
change in a molecule, and a second “probe” laser pulse interrogates the molecule af-
ter it has evolved for some time, detailed questions can be asked that are pertinent to
chemical reactivity. The importance of this new research field of “femtochemistry”
was recognized by the Nobel Prize in Chemistry that was awarded in 1999 to Prof.
Ahmed Zewail (Caltech) [1].

In femtochemistry experiments, information about an evolving molecular struc-
ture is typically inferred by measuring how the molecular absorption spectrum (or
a related quantity that can be measured, such as a photoelectron or Raman spec-
trum) changes as a function of pump-probe delay. If it is known how the molecular
absorption spectrum depends on the molecular structure, then measuring its time-
dependent changes in a pump-probe sequence can inform us about time-dependent
structural changes that occur in the molecule. It follows however, that femtochem-
istry experiments become very challenging when wavelength-dependent spectral
features are not very pronounced, or if the relation between the spectrum and the
structure is not known ahead of time. Correspondingly, the level of detail that can
be extracted from femtochemistry experiments is reduced when the complexity of
the molecule increases.

In the last few years a number of new ideas (summarized in Fig. 1.1) have been
put forward that aim to remove the above-mentioned limitations of present-day fem-
tochemistry experiments. The common denominator in all these ideas is that they
base themselves on diffraction rather than absorption, so that the requirements on
pre-existing knowledge of the electronic spectroscopy of the molecule under in-
vestigation are significantly relaxed. In a diffraction experiment structural informa-
tion is encoded in interference patterns that result from the way that an electron
or light wave scatters. In the case of light diffraction (see Fig. 1.1a), the required
wavelength to resolve interatomic distances is in the X-ray regime. Time-resolved
X-ray diffraction was first developed at X-ray synchrotrons, making use of the in-
trinsic X-ray pulse duration of about 100 ps at typical facilities [2], and was signif-
icantly improved by the implementation of slicing facilities where time resolution
into the femtosecond regime was accomplished, at the expense of a very significant
reduction in the available X-ray fluence [3]. Alternatively, laser-plasma based X-ray
sources have been developed that allow performing X-ray diffraction experiments
with a time resolution around 100 fs [4]. Finally, time-resolved X-ray diffraction is
one of the main driving forces behind the development of X-ray free electron lasers
(FELSs) like the LCLS at Stanford (which became operational in the fall of 2009
[5]), the SACLA X-ray FEL in Japan and the future European X-ray Free Electron
Laser (XFEL) that is under construction in Hamburg. At LCLS, several remarkable
results illustrating the potential of coherent diffractive imaging using X-ray FELs
have already been achieved [6].

As an alternative to X-ray diffraction, the diffraction of fast electrons can be
used. In doing so, an important advantage is the fact that in order for electron
wavelengths to match interatomic distances significantly lower electron kinetic en-
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Fig. 1.1 Compilation of diffractive imaging methods. Methods A and B are based on focusing
XUV/X-ray photons from a free electron laser/synchrotron or laser plasma source (A) or an ultra-
short, laser-generated electron bunch (B) on a target, and subsequently recording the diffraction of
the XUV/X-ray photons and electrons, respectively. In recent years these methods have been suc-
cessfully implemented. XUV/X-ray diffraction imaging has—in particular—been implemented at
FLASH and LCLS, while time-resolved electron diffraction using a photo-cathode source has been
implemented in a number of femtosecond laser laboratories. In our research program we aim to
develop methodologies for structural determination that are based on measuring diffractive proper-
ties of electrons that are extracted from a molecule upon photon or electron impact. In the former
case (C1 and C2) ionization is performed using single-photon ionization with an XUV/X-ray laser
or multi-photon ionization with a mid-infrared laser. In the latter case (C3) an (e, 2e) or (e, 3e) pro-
cess is used, where a fast primary electron kicks out a second or even—third electron. An overview
of the photon-based experiments (C1 and C2) is presented in this review
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ergies are needed than the photon energy of the equivalent X-rays. The de Broglie
wavelength of an electron is ApeBroglic(@.4.) = 7 /2/Exin(a.u.), where Exiy is the
electron kinetic energy. A de Broglie wavelength of ~ 1 Angstrom (which, as a
laser wavelength would imply the use of 12.4 keV photons!), is already achieved
for electrons with a kinetic energy as low as ~ 0.15 keV. It follows that it is sig-
nificantly easier to prepare the short pulse electrons that are needed for a time-
resolved electron diffraction experiment with atomic resolution, than it is to prepare
the short pulse X-rays that are needed for a time-resolved X-ray diffraction experi-
ment.

Short electron pulses with kinetic energies in the 0.1-1000 keV range can be
generated externally to a molecule on a photo-cathode that precedes a small ac-
celerator. Using such a technique impressive results have been achieved by Zewail
and co-workers [7-9] and by Miller and co-workers (see Fig. 1.1b) [10]. Applica-
tions have included studies of halo-ethane elimination reactions and ring opening of
cyclic hydrocarbons [7], phase transitions in cuprate semiconductors [9], the transi-
tion from a monoclinic to a final tetragonal phase in crystalline vanadium dioxide
[8], and laser-induced melting [10]. Already, these experiments can be performed
with a time resolution of approximately 100 femtoseconds. It remains to be seen if
pump-probe experiments with ca. 10 femtosecond time-resolution will become pos-
sible using this technique, although proposals to push the time resolution into the
attosecond domain have already been put forward [11].

In the last few years, our research team has started working on a number of
alternative methods that allow the generation of electrons with kinetic energies
in the 0.1-1 keV range, two of which will be detailed in this book chapter (see
Fig. 1.1c). First of all, in experiments performed at extreme ultra-violet (XUV)/X-
ray FELs like the FLASH free electron laser in Hamburg (the pre-cursor of the
European XFEL, which generates radiation down to 4 nm) and at LCLS, we have
explored the generation of fast electrons by XUV/X-ray photo-ionization as a means
to study time-resolved molecular dynamics. Like the time-resolved X-ray diffrac-
tion studies mentioned above, this work may be seen as a natural continuation
of earlier synchrotron-based experiments, where ideas to use XUV/X-ray radia-
tion for “illuminating a molecule from within” were developed about a decade
ago [12, 13]. A progress report on the extension of these ideas to the time do-
main will be presented below. Secondly, in experiments performed at the mid-
infrared free electron laser FELICE (Free Electron Laser for Intra-Cavity Exper-
iments) in the Netherlands, we have investigated strong-field ionization at wave-
lengths ranging between 4 and 40 um. Under these conditions, considerable pon-
deromotive acceleration of the electrons that are freed in the ionization event sets
the stage for laser-driven re-collisions with the target from which the electrons
are ionized, allowing the experimental measurement of photoelectron holograms
that encode both molecular structure and dynamics [14]. These experiments are
discussed in the present chapter as well. We note that in future we are further-
more planning experiments where 0.1-1 keV electrons that can encode molecu-
lar structures will be ejected from (time-evolving) molecules by means of a col-
lision of the molecule with a 100 keV electron beam that is similar to the elec-
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tron beams that are used for the ultrafast electron diffraction experiments men-
tioned above [15]. The key difference here will be that the diffractive informa-
tion is to be encoded in the ejection of secondary or tertiary electrons from the
molecule, rather than onto the diffraction of the incident high-energy electron
beam.

The organization of the present chapter is as follows. In Sect. 1.2 we present
our efforts on using XUV/X-ray single-photon ionization as a means to generate
fast photoelectrons that encode a (time-evolving) molecular structure. We present
the status of our work at FLASH and LCLS, where we have performed alignment-
pump-probe experiments, where a first, alignment laser pulse dynamically aligns
the molecule under investigation, a pump laser pulse photo-excites the molecule
and the FEL pulse ionizes the molecule at a variable time delay, as well as recent
experiments where a high-harmonic generation (HHG) source was used to generate
a comb of XUV laser frequencies reaching up to 50 eV, and where photoioniza-
tion of a series of small molecules provided insight into the contribution of differ-
ent molecular orbitals and the onset of the emergence of structural information. In
Sect. 1.3 we present results from our experiments on (atomic) strong field ioniza-
tion at mid-infrared wavelengths ranging from 4 to 40 pm, where holographic in-
terferences in the measured photoelectron momentum distributions suggest a route
towards a novel technique for measuring (time-resolved) molecular, structural in-
formation.

1.2 Molecular Movies Using XUV/X-Ray Photoionization

In the last few years two novel XUV/X-ray short-pulse light sources have come to
the forefront that have significantly changed the opportunities that experimentalists
in atomic and molecular physics research can avail themselves of. On the one hand,
HHG has been developed into a technique that can be implemented in moderate-
scale laser laboratories on the basis of commercially available, mJoule-level, fem-
tosecond lasers [16—18]. When the pulses from these lasers are focused onto a dense,
gas phase, atomic or molecular target, XUV/X-ray light pulses are formed by means
of an interaction that is commonly described in terms of a three-step mechanism,
where the laser first ionizes the atom/molecule under consideration, then acceler-
ates the ionized electrons and finally drives the electron back towards the ion left
behind, where a recombination can occur that is accompanied by the emission of
XUV/X-ray light [19]. Since this process repeats for every half-cycle of the driv-
ing laser field, the output frequencies are restricted to odd harmonics of the driver
laser frequency, explaining the name of the technique. On the other hand, several
XUV/X-ray FEL user facilities have recently become available that provide fem-
tosecond XUV/X-ray pulses with pulse energies that are well beyond the reach of
present-day HHG schemes. The first examples of such facilities have been the Tesla
Test Facility (TTF) and FLASH in Hamburg [20]. More recently, the LCLS at Stan-
ford has come into operation as the world’s first hard X-ray FEL user facility [5].
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The interest in the use of these novel XUV/X-ray light sources in atomic and
molecular physics can be rationalized both in the time and frequency domain.
Viewed in the time domain, the inherently short optical periods of XUV/X-ray light
(Toptical = A/c, where A is the wavelength and c is the speed of light), allows the syn-
thesis of pulses with unprecedented pulse durations, accessing the sub-femtosecond
i.e. attosecond domain [17, 18, 21]. Such pulses are ideal for the investigation of
electron dynamics on its natural timescale. The generation of attosecond laser pulses
requires the availability of a process that generates light in the XUV/X-ray regime
over a large enough bandwidth (A E > 5 eV) and with an appropriate phase relation-
ship between the different frequency components contained within the pulse. This
is precisely what the HHG process does, given the one-to-one relationship between
the ionization time within the optical cycle of the driving infrared laser, the kinetic
energy at the time of the electron-ion re-collision and the photon energy produced.
Under typical HHG conditions, XUV/X-ray bandwidths in excess of 20 eV are eas-
ily achieved, and the pulse duration is determined by the chirp that is generated in
the HHG process. The shortest pulses reported to date are about 80 attoseconds long
[22], and it is to be expected that the existence of even shorter pulses will soon be
demonstrated. So far, pulses obtained at XUV/X-ray FELSs are still in the femtosec-
ond domain, but ideas exist that would allow to significantly shorten the pulses [23].
At LCLS, X-ray laser pulses with a pulse duration below 10 fs have already been
achieved [24].

Viewed in the frequency domain, the short wavelength and thus intrinsic high
photon energy of XUV/X-ray light sources creates the ability to produce high energy
photoelectrons. As we will discuss, this allows configuring molecular pump-probe
experiments where photoelectrons are produced with kinetic energies where the de
Broglie wavelength becomes comparable to or smaller than the internuclear dis-
tances in the molecule, so that the angular distribution of the ejected photoelectron
encodes information on the molecular structure. Mentioning the time domain, at-
tosecond science context is highly relevant here, since the intensive and widespread
efforts to develop and characterize attosecond light pulses have largely been respon-
sible for the emergence of the experimental protocols that need to be used when
MFPADs are to be measured using XUV/X-ray light generated by HHG. Motivated
by the requirements for attosecond science experiments, it has become possible to
develop interferometrically stable multi-color pump-probe setups, with appropriate
optics that can be used to image, focus, split and recombine the XUV/X-ray light
beam. An example of such a setup is shown in Fig. 1.2 and corresponds to the setup
that is in operation at the Max Born Institute (MBI) in Berlin.

If one wishes to time-resolve the evolution of internuclear distances in a molecule
(in other words, make a “molecular movie”) using photoelectrons that are ejected
from the molecule using XUV/X-ray light, then it is imperative that the photoelec-
tron angular distribution is observed in the molecular frame. One way to do this is
by making use of a so-called reaction microscope [25], where the 3D momentum
of ejected photoelectrons is measured in coincidence with the 3D momentum of
fragment ions that are formed, and where in the axial recoil approximation the lat-
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Fig. 1.2 The attosecond pump-probe setup at the Max-Born Institute (MBI). The output of a Ti:Sa
laser is split into two beams, that form the two arms of a Mach-Zehnder interferometer. In one arm
the laser is focused into a HHG gas cell. Following the HHG process and removal of the IR light
and the generated low-order harmonics by means of a filter, this arm is recombined with the other
arm in a recombination chamber. The co-linearly propagating XUV and IR beams are brought to
a common focus in the center of a velocity map imaging spectrometer (VMIS) by using a toroidal
mirror. Finally, an XUV spectrometer that follows the VMIS monitors the harmonic spectrum. In
the experiments presented in this chapter, the IR beam was used to dynamically align CO,, O,,
N3 and CO molecules. The XUV ionized the aligned molecules, and the VMIS was used to record
angle- and energy-resolved photoelectrons and fragment ions resulting from this ionization process

ter allow to determine the 3D orientation of the molecule at the time of ionization.
A disadvantage of the use of reaction microscopes is the fact that the coincidence
requirements imply that at most one electron-ion pair can be measured per laser
shot, meaning that at the typical kHz repetition rates of HHG driver lasers the total
amount of time needed to perform an experiment becomes prohibitive. Therefore, in
our research we have focused our attention on another approach, namely one where
a macroscopic molecular sample is dynamically aligned prior to the pump-probe
experiment by means of the interaction with a short alignment laser pulse. By dy-
namic alignment we understand the re-orientation of a molecule in the laboratory
frame that results from the torque that an intense laser field exerts on the molecule as
a result of the interaction of the laser-induced dipole with the laser field [26]. Two
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distinguishable variants exist, namely adiabatic alignment, where the molecule is
exposed to a laser pulse that is significantly longer than the rotational period of the
molecule [27], and impulsive alignment, where the molecule is exposed to a laser
pulse that is significantly shorter than the rotational period [28]. The advantage of
the latter method is that it leads to the formation of aligned molecular samples un-
der laser field-free conditions (i.e. after the alignment laser pulse is over), although
with a degree of alignment that is lower than in the adiabatic case. Hybrid schemes
combining adiabatic and impulsive alignment have also been proposed [29], and—
in combination with state-selection techniques—allow the preparation of molecular
samples with a very high-degree of alignment and orientation [30] that can be used
in experiments aimed at observing the emission of photoelectrons in the molecular
frame.

Recently the experimental setup shown in Fig. 1.2 has been used to perform such
an experiment [31]. A series of small molecules (CO3, N>, O, and CO) were ex-
posed to the sequence of an IR laser pulse that dynamically aligned the molecules
and an XUV pulse generated by HHG that ionized the molecules at a variable time
delay. Photoelectrons and fragment ions resulting from the latter photoionization
process were recorded on a velocity map imaging detector, i.e. accelerated towards
a two-dimensional detector consisting of a set of micro-channel plates, a phosphor
screen and a CCD camera, thereby allowing the measurement of a 2D projection
of the 3D velocity distribution. The 3D velocity distribution was determined from
the 2D projection by means of an iterative Abel inversion routine [32]. An impor-
tant feature of the experiment was the fact that a very high count rate could be
achieved (up to ca. 10° counts/second), due to the use of a very efficient gas in-
jection system, which was integrated in the repeller electrode of the velocity map
imaging spectrometer [33]. This allowed achieving very high signal-to-noise ratios
in the data acquisition, which were crucial for observing the small differences in
the photoelectron angular distribution of aligned and non-aligned (or anti-aligned)
molecules.

Figure 1.3 provides an overview of the dynamic alignment that was achieved in
the experiment. The experimental angular distributions of high energy O, resp. N™
fragments resulting from XU V-induced dissociative ionization and/or Coulomb ex-
plosion are plotted as a function of the time delay between the impulsive alignment
by the IR laser and the XUV ionization by the HHG laser. The angular distributions
are expressed by means of (cos2 62p), where 65p is the angle between the measured
velocity of the fragment ion in the plane of the 2D detector and the common po-
larization axis of the XUV and IR beams. Perfect alignment of the molecular axes
corresponds to 6op = 0, whereas 6,p = /2 corresponds to molecules that are anti-
aligned, i.e. having their internuclear axis perpendicular to the polarization axis of
the alignment laser. 6,p is not to be confused with 6, the angle between the 3D frag-
ment ion velocity and the laser polarization axis. The degree of molecular alignment
is given by (cos”6).

As Fig. 1.3 shows, an IR-laser induced alignment occurs shortly after the exci-
tation by the IR laser pulse, and is then followed by a series of alignment revivals
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that occur at regular time intervals determined by the rotational constants of the
molecules under investigation. The approximately 300 fs long IR laser pulse im-
parts a kick on a timescale that is short compared to the rotational period of the
molecule (i.e. Tjaser K Tror). Consequently, a rotational wave packet is formed that
evolves under field-free conditions once the alignment laser field has ended and that
periodically re-aligns and anti-aligns due to the re-phasing of the rotational compo-
nents. The maximum degree of alignment in Fig. 1.3 corresponds to (cos? @) ~ 0.5,
and is not very high. This is due to the finite rotational cooling experienced by
the gas leaving the capillary in the repeller electrode. Fitting of the experimen-
tal alignment distributions to theoretical results (red curves in Fig. 1.3) suggests
a rotational temperature ranging from 75 K for the case of CO; to 37 K for the
case of N». However, the achieved difference in the alignment and anti-alignment
is sufficient for obtaining high quality differential photoelectron distributions that
are acquired by taking the difference between a photoelectron measurement at a
delay where the molecules are maximally aligned, and one at a delay where the
molecules are maximally anti-aligned. The result of this procedure is shown for
CO; in Fig. 1.4. Figure 1.4a first of all shows a 2D slice through the 3D XUV-only
photoelectron kinetic energy and angular distribution that is measured without the
IR-alignment laser. A large number of rings are observed due to the participation
of harmonics H11-H29 in the experiment, as well as the fact that at least 4 or-
bitals contribute to the ionization (the HOMO (X2 X4, 1P =13.8¢V), the HOMO-
1 (A%, IP = 17.6 eV), the HOMO-2 (B*>X,, I P = 18.1 eV) and the HOMO-3
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Fig. 1.4 (a) XUV-only ionization of CO», involving contributions from harmonics H11 to H29.
The bottom left panel shows a 2D slice through the 3D photoelectron momentum distribution ob-
tained after Abel inversion of the experimental data. The bottom right panel shows the integrated
photoelectron spectrum along (fop) and perpendicular (bottom) to the laser polarization; (b) com-
parison between the experimental and theoretical differential angular and kinetic energy distribu-
tion that is obtained by taking the difference between the photoelectron momentum distributions
obtained for maximally aligned and maximally anti-aligned CO, molecules; (c—f) calculated evo-
lution of the differential photoelectron angular distributions as a function of the photoelectron ki-
netic energy, for the four ionization channels observed in the experiment. (Light)blue color means
a negative value, implying that the efficiency for signal for aligned molecules is less than that for
anti-aligned molecules, whereas red/yellow color implies a positive value, implying that the signal
is increased when the molecule is aligned
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(c ZZ’g, IP =19.4 eV)). When the ionization by the XUV laser pulse is preceded
by the IR alignment laser, appreciable changes occur in the measured photoelec-
tron momentum distributions. This is reflected in the experimental contour plot
(left side) shown in Fig. 1.4b, where the afore-mentioned differential photoelec-
tron kinetic energy and angular distribution is plotted as a function of the kinetic
energy and the angle of ejection of the photoelectron with respect to the laser po-
larization axis. The differential photoelectron kinetic energy and angular distribu-
tion shows all the rings that are visible in the 2D slice in Fig. 1.4a, and moreover
shows that the differences between the measurements for aligned and anti-aligned
molecules sensitively depend both on the orbital that is ionized and the electron ki-
netic energy. To begin with, the influence of the ionized orbital manifests itself in
the total photoelectron yield. The yield of electrons from the HOMO and HOMO-
1 orbitals is suppressed when the molecules are aligned compared to when the
molecules are anti-aligned, whereas the yield of photoelectrons corresponding to
the HOMO-3 increases when the molecules are aligned. Ionization of the HOMO-
2 favors aligned molecules at low photoelectron kinetic energies, but this behavior
reverses above a kinetic energy of 15 eV, when anti-aligned molecules ionize more
efficiently.

The dependence of the ionization on the alignment/anti-alignment of the molec-
ular sample informs about the perpendicular resp. parallel character of the ionizing
transition. When the photoionization occurs by means of a parallel transition the
ionization efficiency of molecules that are aligned parallel to the laser polarization
axis will be higher than that of molecules that are anti-aligned. In this case, the
symmetry of the final (molecular ion + electron) state will be X,,. Similarly, when
the photo-ionization occurs by means of a perpendicular transition, the ionization
efficiency of molecules that are aligned perpendicular to the laser polarization axis
will be higher than that of molecules that are aligned along the polarization axis
and the symmetry of the final (molecular ion + electron) state will be I1,,. Based on
the experimental data the conclusion can be drawn that the HOMO and HOMO-1
of CO, ionize by means of a perpendicular transition, and the HOMO-3 by means
of a parallel transition. The ionization of the HOMO-2 is predominantly parallel at
low energies (up to a photoelectron kinetic energy of 15 eV) and then changes to
predominantly perpendicular.

The experimental results can be well-reproduced by an electron-molecule quan-
tum scattering method that was previously also successfully applied to calculate
MFPADs recorded with synchrotron radiation [34, 35]. This method is based on the
multichannel Schwinger configuration interaction method (MCSCI), where the ini-
tial state and the final ionic states are represented as configuration interaction (CI)
wave functions. Calculated differential photoelectron kinetic energy and angular
distributions (making use of the alignment distributions provided by the experimen-
tal fits of the time-dependent molecular alignment, see Fig. 1.3) are shown in the
contour plot shown on the right side of Fig. 1.4b, as well as in Figs. 1.4c—f, where
the theoretical differential photoelectron kinetic energy and angular distributions are
plotted separately for the four most important orbitals that contribute to the ioniza-
tion signal. The overall agreement between the experimental and theoretical data is
very satisfactory.
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In the final (molecular ion + electron) state the symmetry of the wavefunction
is determined both by the electronic state of the ion and that of the continuum elec-
tron. The wave function of a photoelectron ejected by single photon ionization can
be expressed as a superposition of partial waves that are characterized by the an-
gular momentum 1 of the photoelectron and a symmetry index A that describes the
projection of this angular momentum on the molecular axis; for A = 0 the states are
designated as o and for A =1 as &. In practice, the partial-wave expansion con-
verges at relatively small / (I < 4, or in usual notation s, p, d and f partial waves).
In addition, the dipolar u <—— g selection rule restricts the electron in the contin-
uum to ungerade symmetry for the final ionic states X2 Y,and C 2 ¢ (which implies
that only odd angular momenta appear in the partial wave expansion of the outgoing
electron) and to gerade symmetry for the final ionic states A%IT, and B>X, (which
means that only even angular momenta appear in the partial wave expansion of the
outgoing electron). One cannot extract the partial wave decomposition of the elec-
tronic wave packet from the experimental results due to the low degree of alignment.
The experimental result can only put constraints on the possible decomposition of
the electronic wavepacket into partial waves. For the ionization leading to the final
X 22g ground ionic state for instance, where the wave packet is mainly composed
of I =1, 3 (p and f waves), the pronounced positive contribution along the laser po-
larization axis that is observed both theoretically and experimentally suggests that
the photoelectron partial wave decomposition contains a strong contribution from
the p-partial wave. The computational results support this notion, but also suggest
an important role for f-wave photo-emission.

One of the most significant results that follows from the experimental and the-
oretical contour plots shown in Fig. 1.4b—f is the fact that the differential photo-
electron angular distributions clearly depend on the kinetic energy of the outgoing
electron. This may be interpreted as a manifestation of the onset of structural in-
formation in the photoelectron angular distributions. Although the photoelectron
kinetic energies are still too low to observe readily interpretable diffraction patterns,
and although the differential photoelectron angular distributions are heavily affected
by the extensive angular averaging that occurs as a result of the rather modest degree
of alignment and anti-alignment in the experiment, this result provides the rational-
ization for attempts to extend these results to higher photon energies. Extending
the use of HHG sources, this may become possible in the near future by the use
of different generating gasses with a higher cut-off (He or Ne, rather than Ar) in
the HHG process [36], and/or by performing HHG with a longer wavelength driver
wavelength [37] or making use of a multi-color field [38].

Alternatively, higher photon energies may be accessed by performing the exper-
iment at one of the emerging XUV/X-ray FEL facilities, which moreover have the
advantage that they offer a peak brightness which exceeds that of HHG sources by
many orders of magnitude. FELs like FLASH and LCLS offer more than 10'? pho-
tons/pulse at photon energies ranging from ca. 0.04 to 10 keV. However, the advan-
tages of FELs over HHG come at the expense of a lack of coherence and the diffi-
culty to synchronize other laser sources to the FEL. The former is not a serious prob-
lem in molecular pump-probe experiments aiming at femtosecond time resolution,
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whereas the latter implies that in experiments requiring high time-resolution ad-
ditional measurements (e.g. electro-optical measurements [39] or cross-correlation
schemes based on transient X-ray induced reflectivity modification [40]) are needed
to measure the jitter between the FEL and a 2nd laser on a shot-by-shot basis. More-
over, the development of new protocols is required that allow to find the temporal
and spatial overlap of the FEL laser beam and the other laser beam(s) that are used
in the experiment. The availability of a velocity map imaging spectrometer provides
very useful opportunities for doing this, given that the detector can be used both in
a spatial and a velocity map imaging mode, while at the same time providing high
quality time-of-flight information [41].

The alignment-pump-probe approach with velocity map imaging detection of
high energy photoelectrons described above is in principle very suitable for appli-
cation at FELs. In contrast with the use of a reaction microscope, the velocity map
imaging technique allows the recording of rather large signals before space-charge
distortions of the measured angular and velocity distribution set in. For example,
when an FEL is focused to a spot diameter of about 100 um and intersects the
molecular beam containing the target molecules over a length of about 1 mm, then
as many as 10° photoelectrons can be generated and measured per laser shot, be-
fore one exceeds the empirical threshold of ca. 108 photoelectrons/cm?® where space
charge effects start to cause serious problems.

Our first activity at the FLASH FEL was to introduce the use of velocity map
imaging (VMI) [42, 43]. As far as the use of XUV/X-ray photoionization for the
time-resolved observation of molecular dynamics is concerned, we have so far de-
veloped an alignment-pump-probe experiment where small molecules like Br, are
dynamically aligned using the fundamental 800 nm wavelength of a Ti:Sa laser,
photo-dissociated using the 2nd harmonic of this laser [44] and then ionized by the
FEL. Figure 1.5(a)—(c) shows 2D momentum maps of Br>t fragments in the pres-
ence of only the FEL (a), with both the 400 nm and the FEL beam present (b), and
when all three pulses are present (c) [45, 46]. In the presence of the FEL pulse,
the 2D velocity distribution is composed of concentric rings originating from dis-
sociative ionization and Coulomb explosion of the molecule. The prominent new
contribution observed in Fig. 1.5(b) results from the ionization by the FEL pulse
of fragments of the dissociation initiated by the 400 nm pulse. When adding the
800 nm pulse, the angular distribution peaks along the laser polarization axis (see
Fig. 1.5(c)), which indicates that the molecules are aligned prior to dissociation
and ionization. First attempts have been made to record photoelectron angular dis-
tributions under these conditions. Figure 1.5(d) shows a differential photoelectron
momentum map similar to the data shown in Fig. 1.4, where in the present case the
difference is shown between a photoelectron momentum map recorded before and
after dissociation by the 400 nm photo-excitation laser pulse. From the difference
image a clear signature of the result of the dissociation process can be identified
through the shift of the resulting photoelectron energies and changes in the angu-
lar distribution of photoelectrons from the 3d shell. Recording of photoelectron data
with the time resolution required for a complete investigation of the Br; dissociation
dynamics has not been completed yet.
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Fig. 1.5 (a)-(c) Br?t ions resulting from dissociative ionization of Br by 13 nm light from
FLASH. In (a), the FEL pulse alone is impinging on the molecules, resulting in fragmentation
through dissociative ionization (central ring) or Coulomb explosion (outer two rings). In (b), the
FEL pulse is preceded by a 400 nm pump pulse which induces dissociation of the neutral molecule,
resulting in a sharp central ring. In (¢), an IR alignment pulse is sent in 1 ps before the other two
pulses, impulsively aligning the molecule and resulting in a momentum distribution that is peaked
along the laser polarization axis; (d) differential photoelectron momentum map, showing the dif-
ference between a photoelectron map for dissociated and non-dissociated Br, molecules

1.3 Molecular Movies Using Strong Field Mid-Infrared
Ionization

In the experiments described in the previous section, high-energy electrons were
generated by high energy XUV/X-ray single photon ionization. However, this is not
the only way that electrons can acquire a high kinetic energy. Alternatively, elec-
trons can be accelerated to high kinetic energies using ponderomotive acceleration
in an intense laser field. In this case the energy acquired by the electron scales with
Ilaser)‘lzaser’ where [1yser 1s the intensity of the laser and Aj,ger iS the laser wavelength.
It follows that ponderomotive acceleration is particularly relevant for lasers operat-

ing in the mid-infrared wavelength range.
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The use of mid-infrared strong-field ionization as a means of probing molecular
dynamics is a research field that is only now being first attempted in a number of lab-
oratories. However, there exists already a highly relevant body of work concerned
with how HHG, beyond its use as a source of coherent XUV light, can be used to
study atomic and molecular structure and time-resolved dynamics, by measuring
the harmonic emission as a function of molecular alignment. These experiments,
which have come to be known as “orbital tomography” or “harmonic imaging” ex-
periments, probe the molecular structure since they are sensitive to multi-particle
interference effects [47], and allow to re-construct the amplitude and phase of the
orbital from which the ionized electron was removed [48]. Of particular interest
have also been recent experimental and theoretical works showing that attosecond
time-scale electron dynamics in molecular ions can be probed [49], as well as ex-
periments where the breaking of a molecular bond was followed by monitoring the
harmonic emission from the dissociating molecule as a function of time [50].

In the harmonic imaging experiments, the available observables are typically the
amplitude and phase of a limited number (typ. 5—-10) of harmonics. Alternatively,
outcomes of the electron-ion re-collision that do not involve photon emission, but
where the electron elastically or inelastically scatters off the ion, can be measured.
Measurements of 2D photoelectron momentum distributions in principle provide a
very rich observable, since every distinguishable final momentum of the electron
(pz, Px), where p; is the momentum along the polarization axis and p, the momen-
tum orthogonal to it, may be viewed as an independent measurement. Scattering of
re-collision electrons from different constituent atoms within a molecule may lead
to diffraction patterns characterized by constructive and destructive interferences
that appear at specific final momenta [51, 52]. In addition, the interference between
scattered and non-scattered, laser-ionized electrons leads to holographic interfer-
ences that provide further opportunities for the retrieval of dynamical and structural
information.

The first experimental observation of the above-mentioned holographic interfer-
ence structures was recently made in an experiment where metastable Xe atoms
were ionized using 7 um radiation from the FELICE FEL at Rijnhuizen in the
Netherlands (see Fig. 1.6) [14]. 2D photoelectron momentum maps were measured
with the help of a velocity map imaging spectrometer that was integrated into the
FEL cavity. Under the influence of the FEL the outermost electron is pulled out
of the atom along the polarization axis and starts an oscillatory motion in the laser
field. The outer turning point of this oscillatory motion can be viewed as an electron
source (at a distance of about 20 Angstroms from the atom!) from which electron
waves are emitted that reach the detector either with or without interacting with the
ion from which they are produced. In the former case we are justified in thinking of
the electron wave as a signal wave that encodes information about the ion, while in
the latter case we are justified in thinking of the electron wave as a reference wave.
In this sense, the experiment records a hologram that can in principle be used to
retrieve information about the atomic or molecular target from which the electron
was extracted.
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Fig. 1.6 Cut through the 3D
photoelectron momentum
distribution recorded for the
ionization of metastable
Xenon atoms by 7 ym
FELICE radiation, showing
the appearance of side-lobes
that result from a holographic
interference between
electrons that scatter off the
Xet ion and electrons that do
not. In the image, the vertical
axis corresponds to the
polarization axis of the
FELICE free electron laser.
The peak intensity of the
FELICE laser was

7 x 10'! W/em?. The image
shown here is the result of a
4-hour long measurement.
The dynamic range in the
image extends over 4 orders
of magnitude

The observation of photoelectron holograms in strong-field ionization at mid-
infrared wavelengths was quite unexpected, since prior to the experiment the con-
ventional wisdom in the strong-field laser community was that with substantial scal-
ing of the laser wavelength towards the mid-infrared the efficiency of the electron-
ion re-collision would dramatically diminish. This is the reason, for example, why
it is experimentally observed that the efficiency of HHG drops as function of driver
wavelength with approximately 2 ~G-9 . However, the recent results that we have ob-
tained at FELICE have shown that, as a result of Coulomb focussing of the electron
trajectories, substantial re-collision amplitudes remain observable for wavelengths
as long as 40 um (!), where holograms such as the one shown in Fig. 1.6 could
readily be observed. It is noteworthy that the photoelectron holograms observed in
strong-field ionization are strongly related to interferograms that we have observed
about a decade ago in velocity map imaging experiments on threshold photoioniza-
tion of atoms in a weak DC electric field [53, 54]. In this case the interferences are
caused by the fact that in a DC electric field there exist an infinite number of classical
trajectories connecting the atom and a particular point on the detector, differing in
the number of returns of the electron to the ionic core prior to ionization. Similarly,
in the present strong-field holography case there are—in principle—an infinite num-
ber of trajectories that differ in the number of times that a laser-driven glancing re-
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collision takes place. Evidence for the occurrence of multiple/late re-collisions was
explicitly observed in [14]. The late re-collisions correspond to trajectories where
the electron, after being pulled out of the atom in a particular half-cycle, misses
the ion on the first, or even second re-collision opportunity, so that the scattering
event that leads to a substantial change in the electron momentum only occurs on
the second, or even third re-collision opportunity.

The hologram in Fig. 1.6 can on the one hand be viewed as a ‘static’ measurement
with the potential to determine a molecular structure. Since, however, this measure-
ment is completed within the pulse duration of the mid-infrared ionization laser, it
can be easily extended to the monitoring of time-dependent structural changes in
molecules, provided that the mid-infrared laser sources can be constructed with a
pulse duration that is commensurate with the time-dependent molecular structural
changes of interest. With the availability of 30-50 fs mid-infrared laser pulses these
two requirements can readily be reconciled. At the same time, a single hologram
such as shown in Fig. 1.6 already contains time-dependent information on ultrafast
electron dynamics, due to the way that the time of ionization and the time of the
re-collision with the ion directly determine the final momentum. This is very sim-
ilar to the operating principle of the attosecond streak camera, that is commonly
used in attosecond science to characterize attosecond laser pulses and to record
time-dependent events on the attosecond timescale [55, 56]. In this manner, the
holography experiment allows to obtain information on the ionization dynamics
and ultrafast ‘hole dynamics’ in the molecular ion left behind that is on the sub-
or few-femtosecond timescale.

In order to arrive at the interpretation of the side-lobes in Fig. 1.6 in terms of
a holographic interference between a signal and reference electron wave, a num-
ber of numerical methods were used. The side-lobes are reproduced when the
time-dependent Schrodinger equation (TDSE) is solved in the single active elec-
tron (SAE)-approximation [57], but this does not provide any physical insight yet.
A deeper understanding can be obtained when using methods that are based on the
strong-field approximation (SFA), which has already been invoked in the explana-
tion of many strong-field phenomena [58]. In the SFA, one assumes that prior to
ionization the laser field has a negligible interaction with the electron compared to
the interaction of the electron with the atomic or molecular ion core, and that after
ionization, which is assumed to occur by means of a tunneling process, the situation
is reversed, i.e. the motion of the electron is then entirely governed by the inter-
action of the electron with the laser field. These assumptions allow one to explain,
for example, the high-energy cut-off that is observed in HHG [19]. SFA in its sim-
plest form cannot explain the holographic interferences that are observed in Fig. 1.6,
since it does not include the Coulomb interaction of the electron with the ion from
which it as extracted and the changes in the electron momentum that are induced by
electron-ion recollisions that occur under the influence of the oscillatory laser field.
A suitable method to include the Coulomb interaction into SFA was introduced by
Bauer and Prophuzhenko [59, 60], making use of the fact that within an SFA frame-
work strong field ionization can be numerically evaluated using the application of
a saddle-point method [61], which regards ionization resulting in a given final mo-
mentum (p,, p,) as arising from a finite number of distinct ionization events, which
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Fig. 1.7 The role of re-collision in strong-field ionization: two trajectories that lead to the forma-
tion of electrons with a final momentum p, = —0.01 a.u., p, = —0.46 a.u. in the ionization of
metastable Xe atoms by a 7 x 10! Wiem?, 7 um laser field. The red trajectory corresponds to
an electron that only weakly interacts with the ionic core, while the blue trajectory corresponds to
an electron that strongly interactions with ion and undergoes Coulomb focusing. As a result, the
radial velocity along the blue trajectory, which is initially in the upward direction, is converted
into a velocity in the downward direction, allowing this trajectory to interfere on the detector with
the red trajectory

are accompanied by distinct trajectories that take the electron from the atom or
molecule to the detector. When the Coulomb interaction is taken into account during
the evaluation of these trajectories, the Coulomb-Corrected SFA (CCSFA) method
results [59, 60], which correctly predicts the influence of the Coulomb interaction
on the final momentum that the electron acquires and on the phase evolution (in the
combined Coulomb and laser field) that the electron experiences on its way to the
detector. Hence both the influence of the Coulomb interaction and the possibility for
the occurrence of momentum-changing electron-ion re-collisions are automatically
included in this method, which therefore allows to correctly predict the location of
the holographic interferences. Inspection of the trajectories that are responsible for
the emergence of interference maxima and minima illustrates the holographic prin-
ciple (see Fig. 1.7) and clearly shows that the interference at a given final momentum
occurs as a result of the coexistence of non-scattering (i.e. reference) and strongly
re-scattering (i.e. signal) trajectories. In addition, the CCSFA method clearly allows
to recognize the vital role of the Coulomb interaction, since for the holographic in-
terference to occur it is necessary that the transverse momentum p; is reversed when
the electron interacts with the ion in the course of the re-collision (see Fig. 1.7).

As an intermediate approach between the application of SFA, which is too sim-
plistic since it neglects re-scattering, and the CCSFA method, which relies on the
numerical integration of large numbers of electron trajectories, we have also applied
a generalized SFA method. This method does not include the Coulomb interaction,
but does include re-collisions of electrons that are driven away from and back to-
wards the ion with zero transverse momentum, and the scattering of these electrons
into a spherical wave upon returning to the ion core. The advantage of this method
is that it can be treated analytically, and allows to determine that the phase differ-
ence A¢ between the scattered and non-scattered electron waves that causes the
holographic interference is dominated by a term, A¢ ~ —% p(tc — t(gef) where,
tc is the moment of the electron-ion re-collision and t(r)ef corresponds to the time
that the reference wavepacket starts tunneling through the barrier. This expression
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Fig. 1.8 Dependence of the
holographic interference on
the peak intensity and
wavelength of the ionizing
laser pulse: (a) interference
fringes in the ionization of
metastable Xe atoms by a

7 um laser field with an
intensity

1=7.1x 10" W/em? (lila),
5.5 x 10! W/em? (cyan),
4.5 x 10" W/em? (red),

3.2 x 101 W/em? (green)
and 1.9 x 10! W/em? (blue);
the contourplot shows the
two-dimensional momentum
map calculated for

1=7.1x 10" W/em?;

(b) interference fringes in the
ionization of metastable Xe
atoms as a function of the
laser wavelength while
keeping the ponderomotive
energy constant. Curves are
shown for A = 16 um and

I =3.4x 10" W/em? (blue),
for A =11 uym and

I =4.4 x 10" W/em? p, (a.u.)
(green) and for . = 8 um and
I =5.4x 10" W/em? (red). c)
In all cases the line-outs are
evaluated at p, = 0.5

Dz, cut-off> Where the latter
value corresponds to the
momentum along the
polarization axis at the 2U),
cut-off energy; the
momentum map shows the
result calculated for | |
A =16 um

-0.15 0 0.15

signal (arb. units)

-0.15 0 0.15
p, (a.u.)

d)

for A¢ allows to predict the dependence of the holographic interference pattern on
the intensity and wavelength of the laser. The dependence on the intensity of the
mid-infrared laser is very modest. When the intensity changes, the values of 7¢ and

ref
)

that lead to the production of a photoelectron with final momentum (p;, py)

only change by very small amounts, suggesting that the interference pattern is very
robust with regards to changes in the peak laser intensity and explaining why the
holographic interference patterns easily survive the temporal and spatial averaging
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that, under experimental conditions, inevitably takes place in a laser focus. These
arguments are corroborated by the calculations shown in Fig. 1.8(a), which show
the result of generalized SFA calculations for the ionization of metastable Xe atoms
by a 7 um laser with an peak intensity ranging from 1.9 x 10"-7 x 10'! W/cm?
[62]. For a constant value of p,, the interference pattern hardly changes as a func-
tion of the intensity. This is very different when the wavelength of the ionizing laser
is changed. To illustrate this, Fig. 1.8(b) shows a series of calculations where the
holographic interference is calculated as a function of the laser wavelength under
conditions where the ponderomotive energy (and thus the value of p, where the
high-energy cut-off is observed in the photoelectron spectrum) stays constant. Fig-
ure 1.8(b) clearly shows that with increasing laser wavelength the spacing of the
holographic interference fringes narrows, due to the fact that the difference between
tc and t(gef scales linearly with laser wavelength, leading to a doubling of the phase
difference between the reference and signal electron wave at a fixed position in the
momentum map [62].

1.4 Outlook

It is in the nature of scientific development that advances are often stimulated
by the emergence of novel technological capabilities. In this respect, the molec-
ular sciences are no exception. At present, the emergence of intense, short pulse
light sources outside the traditional near-infrared to near-UV wavelength range
promises the development of novel techniques that address time-dependent dy-
namics and that do not rely so much on molecular photo-absorption as on
diffraction of laser light or the photoelectrons that can be generated using these
sources.

On the one hand, at an increasing number of places around the world, XUV/X-
ray free electron laser sources are being constructed and coming available, that
deliver ultrashort XUV/X-ray laser pulses with unprecedented fluences and peak
intensities, that can be used to develop new ways to study time-resolved molec-
ular dynamics based on use of the diffractive properties of energetic photoelec-
trons that are ejected from time-evolving molecules upon photo-ionization. In the
last few years pump-probe protocols have been developed that allow to first dy-
namically align a molecule of interest, thereby fixing its orientational degrees of
freedom in the laboratory frame, before addressing the molecule with a pump
pulse that initiates the photo-dynamics of interest and the XUV/X-ray laser pulse
that ionizes the molecule and/or fragments resulting from the photo-excitation. In
combination with sophisticated 2D or even 3D energy—and angle-resolved pho-
toelectron and—ion detection strategies this promises to lead to the emergence
of a novel way of studying photo-chemical events that complements the present
absorption-based techniques. There are remaining problems that need to be solved,
such as the challenge of adequately synchronizing the FEL light with the output
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of the other laser sources that are needed in such an experiment, but rapid ad-
vances are being made, and with the more wide-spread use of seeded FEL oper-
ation we may expect that in a few years these experiments can be routinely per-
formed. At the same time, continued progress in the capabilities of HHG sources
suggests that certain classes of experiments can also be transported to smaller-scale
laser laboratories. Some examples of this have been given in the present chap-
ter.

On the other hand, continued progress in the generation of near- and mid-
infrared radiation promises the ability to develop novel spectroscopic techniques
that are based on the interaction of ponderomotively accelerated photoelectrons
with photo-excited and time-evolving molecules. In the present chapter, we have
presented one example of this emerging field and have described the presence of
holographic interferences in the strong field ionization of metastable Xe atoms us-
ing 7 um laser radiation from a mid-infrared FEL. It is to be expected that the
exploration of molecular strong field ionization will soon be investigated in this
wavelength range, paving the way for novel spectroscopic techniques for monitor-
ing time-dependent molecular dynamics as well. In doing so, it is very likely that
the essence of the results that were obtained so far at an FEL can be transported
to smaller-scale laser laboratories. Already, with existing parametric generators and
amplifiers it is possible to generate sufficient amounts of radiation in the 3—4 um
wavelength range that studies of strong-field ionization of time-evolving molecules
can be confidently attempted. Furthermore, currently on-going developments aimed
at the development of high repetition rate optical parametric chirped pulse am-
plification (OPCPA) laser systems in this wavelength range [63, 64] suggest that
the time is not far that sophisticated experimental strategies involving alignment,
photo-excitation and mid-infrared strong-field probing of the molecular dynam-
ics can be attempted at 0.1-1 MHz repetition rate, inviting the use of coincident
photoelectron-fragment ion detection strategies that allow to measure high quality
MFPADs.

The results presented in this chapter represent a starting point of a novel research
area that will require significant effort in the coming years, but then also promises to
lead to major novel insights into the way that molecular systems behave in response
to incident radiation fields.
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