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Liquid Microbeams with a High Harmonics
Table Top Radiation Source

Bernd Abel
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1. Introduction

The use of ultrafast light pulses to visualize chemical dynamics has advanced our
fundamental understanding of chemical and biochemical processes, by providing a means
of monitoring the motion of atoms within a molecule in real time (Assmann et al. (2003)).
However, closer to the chemist’s heart is the evolution of the electron density in a molecule -
as molecules transform - as a function of time. In fact, the chemist’s dream is to trace orbitals
in time during a chemical transformation (Kling et al. (2006)). The most attractive medium
in this context is the liquid phase where chemistry happens (Siefermann et al. (2010)). Recent
progress in electronic spectroscopy in the condensed phase (e.g., Link, Lugovoy, Siefermann,
Liu, Faubel & Abel (2009) and Link, Voehringer-Martinez, Lugovoj, Liu, Siefermann, Faubel,
Grubmueller, Gerber, Miller & Abel (2009)) has been driven by the development of new
ultrashort pulsed light sources, as well as the development of new experimental techniques.
Recent successful experiments have made use of sources of ultrafast extreme-UV as probes
of ultrafast molecular and materials dynamics (Paul et al. (2001)). These new probes can in
principle directly provide site-specific molecular dynamics or local order via photoelectron
spectroscopy, providing the potential to directly observe chemical reactions in atomic-level
detail as they occur without the need for specific chromophors. The new tools appear to
provide a powerful new window into the microscopic world, particularly as the temporal
resolution and energy range of these sources continues to improve. One recent area of
research motivated by these goals and the quest for fundamental light matter interactions
is the generation of ultrashort EUV (extreme ultraviolet) light pulses through the process
of high-order harmonic generation (HHG). HHG pushes traditional nonlinear optics to an
extreme, by coherently combining many laser photons together to generate coherent beams
that span from the UV to the keV-region of the spectrum (Krausz & Ivanov (2009)). The
pulses from HHG may be femtosecond to attosecond in duration. Thus, in the wavelength
region, where these beams are bright and where they contain enough photons (<100 eV), they
have been used to monitor a variety of processes in chemical and materials science and for
applications such as holographic imaging and photoelectron emission spectroscopy (Krausz
& Ivanov (2009), Kapteyn et al. (2007)).

As a liquid phase medium water has many unusual properties when compared with simple
organic liquids (Head-Gordon & Johnson (2005)), and bulk water as well as single water
molecules play a decisive role in many chemical and biological systems. The dynamical
network of hydrogen bondend water in chemical and biological systems has been studied
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with powerful spectroscopic techniques and theoretically in the past (Cowan et al. (2005),
Fecko et al. (2003), Woutersen & Bakker (2006), Head-Gordon & Johnson (2005)).

Due to the technical and conceptual problems with (volatile) liquids in vacuum, liquid
phase (high pressure) ESCA (electronic spectroscopy for chemical anylysis) is much less well
established than XPS (x-ray photoelectron spectroscopy) at solid state surfaces (Siegbahn
(1985), Lundholm et al. (1986)). Since Faubel et al. in Goettingen developed liquid beams in
vacuum also volatile liquids like water could be investigated with photoelectron spectroscopy
(Faubel & Kisters (1989), Faubel (2000)) Since then, photoelectron emission lines and the
chemical shift in the static ESCA (Winter & Faubel (2006)), have also been particularly
powerful observables for probing electron densities and molecular orbital energies in different
intramolecular and intermolecular environments. Recently, we have combined powerful
technologies such as photoelectron spectroscopy near volatile liquid interfaces in vacuum,
ultrafast pump-probe spectroscopy, and table-top high-harmonics generation of soft X-ray
radiation, which enabled us to perform liquid phase photoelectron spectroscopy with high
time-resolution, i.e., adding the dimension of time to the liquid interface ESCA or liquid-phase
XPS (Link, Lugovoy, Siefermann, Liu, Faubel & Abel (2009) Link, Voehringer-Martinez,
Lugovoj, Liu, Siefermann, Faubel, Grubmueller, Gerber, Miller & Abel (2009)). The idea of
ESCA combined with ultrafast EUV radiation has also been reported before (Drescher (2004))
but not for liquid phase matter. In the present chapter we will highlight and discuss, which
insight this somewhat involved novel experimental approach can give us. As outlined above,
it maps out a different kind of molecular information other than site specific chromophores or
structural (diffraction) information - the orbital energy or electron density in a molecule in a
special intramolecular and intermolecular environment. In the present contribution we aim to
introduce into the new technology, highlight some recent results, and to show what is special
and characteristic about time-resolved ESCA or XPS near liquid interfaces, in particular liquid
water interfaces.

2. Liquid beams in vacuum and high harmonics generation

2.1 Liquid water beam technology

Liquid water jets in vacuum have been introduced by Faubel at the end of the 1980s (Faubel &
Kisters (1989)). A major obstacle in handling common liquids in vacuum is their large vapour
pressures, which make it virtually impossible to maintain the required vacuum without either
freezing the sample or having it consumed by evaporation and spoiling the vacuum. A liquid
jet in vacuum including the nozzle assembly is displayed in Fig. 1. While the left figure
shows the nozzle assembly the right part shows the details of the micro beam relevant for an
experiment.

The enlarged section in Fig. 1 shows a high speed image of a beam with a 2-3 mm continuous
section of the beam that decomposes into droplets (classical Rayleigh limit). The liquid jet
is typically driven by a HPLC-pump at 10 to 50 bar at flow speed of 20-50 m/s up to 100
m/s (Charvat et al. (2004)). The temperature of the beam (surface) due to evaporative cooling
can be calculated and predicted. It is plotted against the distance from the nozzle orifice in
Fig. 2 for liquid water, ethanol, and methanol, respectively. More details about the liquid jet
technology are given in Ref. (Charvat et al. (2004))

2.2 High harmonics generation and their characteristics

Harmonic generation is a nonlinear optical process in which the frequency of laser light is
converted into its integer multiples. Odd harmonics of very high orders are generated due
to symmetry reasons from noble gas atoms exposed to intense (usually near-infrared) laser
fields. The spectrum from the process of high harmonic generation (HHG) typically consists
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2-3mm

Fig. 1. Liquid beam (diameter = 15ym) and nozzle assembly. The enlarged section displays
the continuous section of the liquid beam and the decay into droplets behind the Rayleigh
limit.
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Fig. 2. Effect of evaporative cooling as a function of distance from the nozzle exit for a 17 ym
nozzple at 0.3 ml/min flow and a flow speed of the jet of about 22 m/s. Color code: green:
water; red: ethanol; blue: methanol.

of a plateau, where the harmonic intensity is nearly constant over many orders of magnitude
followed by a sharp cutoff. The maximal harmonic photon energy E; = hv is given by the well
known cutoff law (Krause et al. (1992)),

Ec =1y +3.17U,, (1)
where I, is the ionization potential of the target atom, and U, the ponderomotive energy,
respectively (Seres et al. (2004), Seres et al. (2006)). HHG has now been established as one of
the best methods to produce ultrashort coherent light pulses covering a wavelength range
from the vacuum ultraviolet to the soft x-ray region (Attwood (2000)). The development
of HHG has opened new research areas such as attosecond science (Krausz & Ivanov
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(2009)) and nonlinear optics in the extreme ultraviolet (xuv) region. Many features of
HHG can be intuitively and sometimes even semi-quantitatively explained in terms of
electron re-scattering trajectories, which are described by the semiclassical three-step model
(Corkum (1993)). Since the first demonstration of high-harmonic order generation in 1987,
(femtosecond) laser-driven high-harmonic generation sources have become increasingly
important for the generation of coherent extreme-ultraviolet radiation and soft x-rays down
to the water window (A = 4.4 to 2.3 nm) and up to the keV-regime (Seres et al. (2006),
Seres et al. (2005)). Compared to synchrotrons and x-ray free electron lasers (XFELs), these
sources are small-scale, much less expensive, and highly versatile, and their resulting unique
characteristic output can be tailored more or less according to the experimental requirements
(Hentschel et al. (2001)). Some drawback in comparison to the devices above is certainly
the limited photon flux - the big advantage is their reliable availability in the laboratory.
Ultrashort pulses of table top systems of reasonable brightness and high coherence are
used in various experimental setups and applications ranging from atomic and molecular
spectroscopy in the gas phase, liquid phase and solid-state surfaces, and, due to its coherent
nature (Jaegle (2006)), harmonic emission is increasingly used for coherent-diffractive imaging
(Attwood (2000), Kapteyn et al. (2007)).

The setup used in Goettingen for ultrafast photoelectron spectroscopy near the liquid water
interface (microjet surface) with UV or IR pump and HHG-probe is illustrated schematically
in Fig. 3. The inset displays high harmonics on a multi-channel-plate detector behind the
grating for Neon (a) and Argon (b) as a HHG medium. Note, the HHG radiation travels
in vacuum only. It is dispersed and focused with a toroidal grating. The time-resolution of
a single grating setup is on the order of a few hundred femtoseconds, depending upon the
HHG spot and the illuminated grooves on the EUV-grating. It can be improved by employing
dielectric mirrors or a dual grating setup (Nugent-Glandorf et al. (2001)). Further details of
the setup are given in (Link, Lugovoy, Siefermann, Liu, Faubel & Abel (2009)).

3. Towards ultrafast angle-resolved photoelectron spectroscopy at liquid
interfaces

In the ground state, the H,O molecule exhibits the electron configuration

(1a1)?(2a1)?(1b2)%(3a1)?(1b7)2. ()

Here, 1b; , 3a; and 1b; are the three outer occupied molecular orbitals (MO) of water. The 1bq
orbital is the highest occupied molecular orbital (HOMO) and its nodal plane lies in the plane
including all atoms. The 1b; orbital has non-bonding character and hence is called a lone
pair orbital. The 3a; and 1b; orbitals involve the O-H bond, whereby the 1b, contributes the
most. The 4a; orbital is the lowest unoccupied molecular orbital (LUMO). In water aggregates,
liquid water and ice, it accepts lone pair electrons from the 1b; orbitals of neighboring water
molecules - in line with the definition of Pauling of hydrogen bonding.
The direction of photoelectron emission in the gas phase and near interfaces (liquid or
solid) is intrinsically non-trivial and more or less anisotropic in general (Banna et al. (1986)).
The differential photoemission cross section for a single electron orbital in free atoms and
molecules is given by

do/dQ) = oy/4m(1+ BPy(cosh)). (3)

0p defines the total photoelectron emission cross for this orbital, and, f is called the anisotropy
parameter. P> (cos 6) is the second Legrende polynom (Attwood (2000)).

Up to the present, the anisotropy parameters B and ¢ for the molecular valence orbitals of
water have only been measured for isolated gas phase water molecules, but not for liquid
water. It has instead been assumed that they do not differ significantly from the values
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Fig. 3. Schematic view on the table top beam line experiment and the components for the
photoelectron spectroscopy experiment. The essential units are depicted: Ti:Sa system,
multipass amplifier, compressor, generation and selection of EUV light via HHG and toroidal
grating. Inset: Generation of high harmonics of the fundamental 800 nm radiation in a neon
or argon filled capillary. a) A sequence of high harmonics generated in neon, imaged by a
XUV-sensitive CCD camera.The range of photon energies spans 40-70 eV b) A sequence of
high harmonics generated in argon. The range of photon energies in this case is between 25
and 40eV. Note: it is only possible to generate the odd harmonics of the fundamental in both
cases. Note: the EUV beam is in vacuum only up to the final chamber containing the liquid
beam and the photoelectron spectrometer.

in the gase phase (Winter & Faubel (2006)). This lack of data is due to the challenges
of an appropriate experimental setup. For the investigation of the angular distribution of
photoelectron emission, measurements of photoelectrons at different angles between the
photoelectron detecting direction and the polarization vector of the ionizing radiation have
to be made. The adjustment of the photoelectron emission angle can be realized by rotating
either the axis of the spectrometer or the polarization vector of the incident light. If the
spectrometer is fixed in the setup, a suitable radiation source is needed, which can be changed
in the polarization. Although, possible in principle at beamlines at a few stations polarization
resolved experiments are rare - and not done for liquid water. In a table-top HHG experiment
the EUV radiation polarization can be readily controlled via control of the fundamental
radiation polarization (Link, Lugovoy, Siefermann, Liu, Faubel & Abel (2009)).

For the investigation of the angular distribution of emitted photoelectrons (at least)
measurements at 3 different angles of polarization (HHG radiation) are necessary, if the
spectrometer position is fixed. For this purpose, the polarization vector of the EUV light
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Fig. 4. Liquid beam photoelectron spectra at different angles. The photoelectron spectra are
scaled to the 1b; gas phase peak intensity. The light blue spectrum ist he spectrum of water
in the gas phase measured with p-polarized EUV light.

will be tuned via the polarization of the fundmantal, since the photoelectron analyzer, a
time-of-flight photoelectron spectrometer, is fixed perpendicular to the direction of light
propagation and in the plane of the optical table. The A/2 plate is positioned in the beam
path of the fundamental radiation directed into the HHG chamber and in front of the iris that
tailors the beam diameter of the 800 nm light. By rotating the optical axis of the A/2 plate
the electron emission is measured at the required angle. The initial polarization plane of the
800 nm fundamental light is parallel to that of the optical table, on which the HHG chamber
is mounted. At p-polarization, the angle 6 between the photoelectron detecting direction
and the polarization vector of the ionizing radiation is 0°, while 6 = 90° for s-polarization.
In addition, there is another relevant angle at 6 = 54.7°, also called the magic angle, which
plays an important role in the characterization of the angular distribution of photoionization
(Attwood (2000)). It must be noted that the focusing grating used here has different reflection
properties for EUV radiation with various polarization vectors, which has been taken into
account here.

The photoelectron emission spectra of liquid water for different angles of polarization of the
high harmonics radiation are shown in Fig. 4. The spectra are normalized with respect to
the 1b; gas phase photoelectron emission peak. The pure gas phase spectrum (blue shaded)
has been measured with a p-polarization of the EUV beam. These spectra translate into the
anisotropy diagram in Fig. 5. For a HHG energy of 38.7 eV the anisotropy parameters  and
o of liquid in comparison to gas phase water for the differnt orbitals have been determined to
be 1bi(B = 0.8 and ¢ =1), 3a; (B = 0.7 and ¢ = 0.88), and 1b, (8 = 0.6 and ¢ = 0.94) for liquid
water, and 1by(8 =1.4 and 0 =1), 3a; (B =1.1and ¢ =0.88), and 1b, (8 = 0.7 and ¢ = 0.94) for gas
phase water. The latter are close to those measured by Banna et al. some time ago (Banna et al.
(1986)). What is important and obvious here is the observation that the 8 -values of liquid and
gas phase water are significantly different, while the o-values are quite similar.

4. Hydrogen bonding in extreme states of water

If very short infrared radiation pulses tuned to a strong OH-stretch vibration absorption of
water around 3 ym are used, it is possible to heat the water extremely, at a rate faster than the
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Fig. 5. Angular distribution of photoelectrons from the 1b; (blue), 3a; (green) and 1b; (red)
orbitals of liquid water. The ionizing photon energy is 38.7 eV. These curves are based on our
experimentally obtained B and o- values and assuming that the ¢?- values are similar and do
do not change significantly for water molecules in different aggregate states.

thermal expansion rate and to prepare extreme states of water (Link, Lugovoy, Siefermann,
Liu, Faubel & Abel (2009), Link, Voehringer-Martinez, Lugovoj, Liu, Siefermann, Faubel,
Grubmueller, Gerber, Miller & Abel (2009)). These states can have temperatures well above
the boiling point and it has been shown that the water phase may be even heated significantly
above the critical temperature (Debenedetti (1996)). We have recently investigated metastable,
superheated and supercritical phases with time-resolved photoelectron spectroscopy with
IR excitation and EUV probe. As shown in Ref. (Link, Voehringer-Martinez, Lugovoj,
Liu, Siefermann, Faubel, Grubmueller, Gerber, Miller & Abel (2009)) the initial temperature
can be estimated via the known absorption coefficients, penetrations depth of the IR beam
into the water phase, and the laser focus diameter, after laser induced heating. If water is
prepared at these extreme states, it is known that it literally explodes at the extreme conditions,
however, at the femtosecond or picosecond time-scale it moves slowly in time and can thus be
resolved with ultrafast spectroscopy. Different than with other spectroscopies time-resolved
photoelectron spectra in the time-domain measure the chemical shift of the valence electrons
of water in time, which provide interesting information about the question how the phase
and the hydrogen-bonding network ’look like” and how they evolve in time. In a recent
contribution we reported investigations on the molecular photoemission signature of the
evolution of the phase and the hydrogen-bonding network of super-heated water below and
above the critical point, as well as its timescales. Typical results are displayed in Fig. 6. In
the plots the binding energy (being the difference of the photon energy and the kinetic energy
of the photoelectrons measured in the experiment via a time-of-flight electron spectrometer,
Ey = Epn — Ekin) is plotted against the photoelectron emission counts resulting in a typical
photoelectron spectrum in Fig. 6. In a typical valence electron photoemission spectrum of
water the gas phase emission lines of the 151, 341, and 1b, can be assigned easily (Winter et al.
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(2004)). The corresponding lines of the orbitals in the liquid phase are shifted toward lower
binding energies but they are significantly broader and overlapping. Since the corresponding
1b] orbital energy in the liquid phase is shifted most in the liquid phase it can be identified
easily. A transition of water from the liquid phase to the gas phase is accompanied with a
decrease in intensity in the most shifted 15} emission line (color coded in red) of liquid water.

1b,
1
38 1B b) 3a, f\ib, :
Ibz 1 1 1b, ¥ :
| e——
| —m——

2p

2
_’T’B ps 20 ps
0 p

!
3

A~
N =
/_jJA\ 80 ps /\M\ .Bups
”_/s,A\ ’W '/JA\ 100 ps
"/‘/A\_@ 1iope

%

40ps
60 ps

!

Ll

%

ion counts (arb. units)

!

240 ps

300 ps
340 ps

400 ps

240 ps

300 ps

#
:

340 ps

400 ps

440 ps 240 ps

s
;

500 ps 500 ps

20 15 10 5 0 3 30 25 20 15 10 5 0

binding energy (eV)

w
o
@
o
n
o

Fig. 6. Time-resolved photoelectron spectra of liquid (before excitation at neg. delay time)
and metastable water (left: excitation at Ajg=2650nm; right panel: A;g=2830nm:). For further
details see the text and Refs. (Link, Lugovoy, Siefermann, Liu, Faubel & Abel (2009), Link,
Voehringer-Martinez, Lugovoj, Liu, Siefermann, Faubel, Grubmueller, Gerber, Miller & Abel
(2009)).

At the same time an increase in intensity of the gas phase lines (1b;, 3a;, and 1by) is
observable (color coded in blue in Fig. 6). Different hot phases are correlated with the overall
time-depedence of the signals and the dispersion of the liquid phase, which is observable
in the binding energy region between the liquid phase 1b] peak and the coresponding gas
phase peak. This is typically the range in which photoemission of more of less large clusters
have been observed (see Refs in Link, Lugovoy, Siefermann, Liu, Faubel & Abel (2009) and
Link, Voehringer-Martinez, Lugovoj, Liu, Siefermann, Faubel, Grubmueller, Gerber, Miller &
Abel (2009)). In particular, the hotter phase in Fig. 6 (right panel) displays a higher degree of
dispersion into smaller clusters. The overall chemical shift of the 1b] of the superheated phase
towards larger binding energies is noticeable but small. In Ref. (Link, Voehringer-Martinez,
Lugovoj, Liu, Siefermann, Faubel, Grubmueller, Gerber, Miller & Abel (2009)) we have shown
that quantitative photoelectron emission detection and evaluation through a hot and moving
interface is possible and that the observation depth is a few monolayers of water and alcohol
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molecules at the interface (Itikawa & Mason (2005)). The dynamics of superheated water
and alcohols at the liquid-vacuum interface has been compared with large-scale molecular
dynamics calculations that capture the dynamics of the solvents near their liquid and super
heated interface. It is not unexpected that the dynamics of the phase evolution after laser
heating is governed by the highly dynamical evolution of the network of hydrogen bonds
(Link, Voehringer-Martinez, Lugovoj, Liu, Siefermann, Faubel, Grubmueller, Gerber, Miller &
Abel (2009)).

5. Ultrafast concerted electron motion of a plasma at a liquid water surface

Various methods have been applied to investigate the parameters of laser-induced plasmas
(see Ref. (Link, Lugovoy, Siefermann, Liu, Faubel & Abel (2009)) and refs therein). A
plasma near a water interface constitutes a special case of coherent electron motion that can be
observed with ultrafast photoelectron spectroscopy. Using optical near IR fs-pulses a surface
plasma can be generated through multi photon absortion and ionization. If it is formed near
an exploding liquid beam in vacuum the plasma first oscillates at the plasma frequency and
then decays due to the overall decay of the hot water filament. High harmonics radiation
can be employed to induce electron emission from the valence bands of dense water at the
interface and gas phase water, which should be sensitive to the local plasma conditions.
Thus we have anticipated that a plasma can be investigated with the new EUV photoelectron
spectroscopy. In Ref. (Link, Lugovoy, Siefermann, Liu, Faubel & Abel (2009)) we report first
experiments in which we have investigated the dynamics, i.e., the oscillation and decay of a
plasma near a liquid water jet, as well as some of its characteristic parameters. IR pulses at
an energy of of 20-30 yJ at 2650 nm were employed to trigger and induce the plasma. For
pulse durations of 100 fs and a focus diameter of 80-100 ym a peak intensity of well above
1012 W/cm? is reached, which is sufficient to induce a plasma. The 25th harmonic of 800 nm
radiation at 38.6 eV photon energy was chosen for the probe, i.e., the photoelectron emission
from the valence bands of water. In the vicinity of a liquid beam in vacuum a significant but
low vapor pressure was documented (Faubel et al. (1997)). In Fig. 7 (apparently) periodically
changing ‘binding energies” and photoelectron spectra as a function of time of a near liquid
interface plasma, that displays distinct oscillations, is depicted (Link, Lugovoy, Siefermann,
Liu, Faubel & Abel (2009)). The characteristics of the oscillating ‘binding energies’ suggest
that the electrons stem from and belong to the water molecules, however, they are not tightly
bound anymore to the water in the gas phase, but both are part of an ensemble of ionized
cations and electrons oscillating coherently in time. The plot also shows photoelectrons with
large kinetic energies close to the photon energy.

At early times the IR pump pulse initiates plasma formation near the liquid beam interface
(a number of 22 photons at 2650 nm would be necessary to result in an ionization energy of
10 eV). In Ref. (Link, Lugovoy, Siefermann, Liu, Faubel & Abel (2009)) we have determined a
period of oscillation of major photoemission lines of 1.5 ps corresponds to a plasma frequency
of 0.67 THz and a free electron density close to of 5.6 x 10'%cm 3. This is a quite low level of
electron density. It is worth noting that with this setup we have realized a pulsed ultrafast
THz-Oscillator that should emit pulsed picosecond THz-radiation (not measured in (Link,
Lugovoy, Siefermann, Liu, Faubel & Abel (2009))). At 2650 nm the resonance frequency
of a laser driven plasma is 113 THz, which corresponds to a free electron density of 1.6
x 10 2 cm~3. This number is more than one order of magnitude lower than the critical
resonance free electron density for 800 nm radiation. The time scale of the decay of the
plasma in the few picoseconds regime is related to the transport of hot water molecules in the
expanding (exploding) beam interface, which has been estimated from molecular dynamics
simulations. This is again a nice example for the power of the pump-EUV-photoelectron
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binding energy (eV)

time (ps)

Fig. 7. Kinetic energies of photoelectrons as a function of time on top of the water
photoelectron spectrum (spectra represent a vertical cut) in the case of an oscillating near
liquid water surface plasma. An oscillation period of the fast electrons of 1.5 ps
corresponding to a plasma frequency of 0.67 THz and a free electron density of 6 x 10! cm 3
(for more details see the text).

emission probe technology near volatile liquid interfaces enabling real-time probing of
laser-ionized plasmas with high temporal resolution, yielding information that is hardly
accessible by other methods.

6. The solvated electron in water - news from a seemingly well known transient

Further development of liquid phase time-resolved photoelectron spectroscopy in our lab
made it possible to directly measure the vertical binding energy (VBE) of one of the most
important chemical transients in aqueous solution: the solvated electron in liquid water (Boag
& Hart (1963)), which is also termed hydrated electron or e~ (aq) (Siefermann et al. (2010)). In
the most common picture, a hydrated electron is located in a non-spherical cavity formed by
about 6 water molecules (Kevan (1981)). The VBE corresponds to the energy, which is required
to completely remove the electron from this cavity, without changing the initial geometry
of the system. The VBE is a crucial quantity for understanding the reactivity of hydrated
electrons with DNA bases in DNA damaging processes - or many other electron transfer and
attachment processes (Sanche (2009), Lu (2009)). Shortly after the report by Siefermann et al.
in 2010 three more publications confirmed the binding energy of the bulk hydrated electron
(Tang et al. (2010), Shreve et al. (2010), Luebcke et al. (2010)).

For a long time researchers tried to estimate the binding energy of hydrated electrons from
data of large anionic water clusters (Neumark (2008)). In 2010, Siefermann et al. for the
first time directly measured the vertical binding energies of e~ (ag) (VBE = 3.3 £ 0.1 eV)
and of electrons solvated/hydrated at the water surface e~ (sf) (VBE = 1.6 & 0.1 eV) using
the experimental pump-probe setup employing UV pump- and EUV-probe pulses (see Fig.
3). The key feature of the experimental approach is the generation of solvated electrons by
short pump pulses of 267 nm light (Chen & Bradforth (2008)) and recording photoelectron
spectra at the same time employing time-delayed 38.7 eV (32 nm) high harmonic probe
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Fig. 8. Photoelectron spectrum and binding energy of the fully hydrated electron (a) and the
surface hydrated electron (b) near the liquid water interface. While the first transient is
prepared via a one photon excitation (low laser light intensity) of K4(Fe(CN)g) in water the
latter is prepared via two-photon excitation (high laser light intensity) of water at 270 nm.
The emission bands from both hydrated electron binding motifs exist only if a 270 nm
excitation pulse precedes the EUV-probe (both colored in blue). The brown emission band
stems from the iron ion (Fe?") in the precursor complex. The noise level is indicated.

pulses. In order to access the properties of e~ (sf), pure water was ionized via the two-photon
absorption of 267nm light, which results in the formation of bulk (¢~ (aq)) and surface solvated
(e~ (sf)) electrons (Chen & Bradforth (2008)). When subsequently recording the photoelectron
spectrum with the 38.7 eV probe pulse, the detection efficiency is highest for photoelectrons
originating from the surface, and declines dramatically with every layer of water molecules
(Ottosson et al. (2010)). The reason lies in the mean free path of photoelectrons, which
is particularly short (Attwood (2000)) for the resulting photoelectron kinetic energies of
about 35 eV (38.7 eV - VBE). This allowed us to directly measure properties of e~ (sf), and
it demonstrates that our experimental setup is particularly suited for the investigation of
transient surface species, such as e (sf).

In order to access the VBE of e~ (ag) with our experimental setup, it is required to significantly
increase the concentration of e~ (aq), and at the same time suppress the formation of e~ (sf).
This “inversion’ type of situation is realized by employing [Fe(CN)g]*~ complexes in aqueous
solution as precursors, which primarily yield e~ (aq) after the absorption of one 267nm
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photon and which are literally repelled from the water surface (Siefermann et al. (2010)).
Suppressing two-photon processes by lowering the 267 nm pump pulse intensity inhibits
the formation of e~ (sf) and allows for recording the signature of the fully hydrated electron
e~ (aq). Figure 8 presents the photoelectron spectra of e~ (aq) (a) and e~ (sf) (b). Evaluation
of the relative signal heights reveals that signal intensities both species (binding motifs) are
on the same order of magnitude. For different pump-probe time-delays between 7 ps and
100 ps, no significant changes in the photoelectron spectrum of e (sf) were observed, which
demonstrates that the lifetime of e~ (sf) exceeds 100 ps, which was tentatively attributed to
a dynamic barrier that stems from rearranging hydrogen bonds (Siefermann et al. (2010)).
Follow-up experiments by a number of other groups employing UV light (267 - 213 nm) to
probe the binding energy of the bulk hydrated electron yielded values of 3.27 eV (Tang et al.
(2010)), 3.6 €V (Shreve et al. (2010)), and 3.4 eV (Luebcke et al. (2010)), which are close to the
value initially reported in Ref. (Siefermann et al. (2010)).

7. Conclusions and outlook

In summary, this work demonstrates the potential for a new kind of ultrafast liquid phase
spectroscopy, based on high-harmonics generation and liquid microbeam technology, that has
unique advantages. First and foremost, the technique is very surface sensitive at wavelength
in the extreme UV. This changes for shorter wavelengths. In particular, wavelength tuning
should enable depth profiling from the liquid interface to the bulk - a very intruiging possibily.
Time-resolution can be increased routinely nowadays (with commercial products) to a few
femtoseconds enabling a new time window for molecular dynamics. This time window
is reduced by recent efforts to produce stable single attosecond pulses in the extreme UV
spectral range. Several groups demonstrated the generation of attosecond light pulses using
high harmonic generation and investigated processes on the attosecond to few femtosecond
timescale. One of our near future goals is it to improve the time-resolution of our experimental
setup towards the few femtosecond timescale. The quest for higher and higher harmonics and
shorter wavelength also enables new avenues to perform real ESCA experiments in the water
window at around 3-4 nm. This is very close to the heart of a chemist, which enables us
to watch chemical reactions though their change in electron density and orbital evolution as
they happen in solution. Furthermore, the high harmonic probe should not be limited by "dark
states” present in other spectroscopies. High harmonics radiation can be employed as an in
situ and local and site-specific probe of femtosecond and even attosecond nuclear and electron
dynamics in molecules surrounded by a solvent or dense environment. Finally, the table
top beamline setup is a very valuable tool to pre-study systems and optimal conditions for
experiments at synchrotron beam limes such as the free electron lasers (XFEL, FLASH, LCLS)
in Hamburg and Stanford, which will have superior performance but very limited beam time.
To just repeat an experiment performed with somewhat limited laser driven table top systems
with optimal conditions at a large scale x-ray laser facility is much more rewarding and
promising than optimizing experiments on site. Therefore, experimental setups highlighted
here will have a very bright future, even though large scale x-ray laser facilities are being build
and ready to use in the near future.
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