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ABSTRACT: Femtosecond X-ray absorption spectroscopy (XAS) is a
powerful method to investigate the dynamical behavior of a system after
photoabsorption in real time. So far, the application of this technique has
remained limited to large-scale facilities, such as femtosliced synchrotrons
and free-electron lasers (FEL). In this work, we demonstrate femtosecond
time-resolved soft-X-ray absorption spectroscopy of liquid samples by
combining a sub-micrometer-thin flat liquid jet with a high-harmonic
tabletop source covering the entire water-window range (284−538 eV).
Our work represents the first extension of tabletop XAS to the oxygen
edge of a chemical sample in the liquid phase. In the time domain, our
measurements resolve the gradual appearance of absorption features
below the carbon K-edge of ethanol and methanol during strong-field ionization and trace the valence-shell ionization dynamics of
the liquid alcohols with a temporal resolution of ∼30 fs. This technique opens unique opportunities to study molecular dynamics of
chemical systems in the liquid phase with elemental, orbital, and site sensitivity.

Time-resolved X-ray absorption spectroscopy (TRXAS)
has evolved into a powerful tool to investigate the

structural and electronic dynamics of matter with elemental,
site, and orbital specificity.1−5 Earlier TRXAS experiments
were performed at synchrotron facilites with a temporal
resolution limited by the synchrotron pulse duration to 50−
100 ps.6 However, the fundamental time scale of nuclear
motion lies in the femtosecond range. The rapid technical
development of synchrotrons and FELs has led to a substantial
improvement of the time resolution over the last years. The
slicing technique at synchrotron facilities achieved femto-
second resolution at the cost of a low photon flux.7 The
development of FELs has led to X-ray pulses with femtosecond
time resolution at much higher photon fluxes, which enabled
remarkable scientific progress in femtosecond protein nano-
crystallography, chemical dynamics, as well as catalysis,
material, and energy research.2,8−12,12−22 However, X-ray
absorption measurements at FEL are experimentally challeng-
ing due to large shot-to-shot fluctuations. Recent efforts
concentrated on new X-ray optics developments, where the
sample and reference signal can be obtained simultane-
ously.23,24 Nevertheless, the first step of photoinduced
dynamics is an electronic excitation, which occurs on a time
scale faster than nuclear motion, calling for even higher
temporal resolution.
In parallel to the developments at accelerator facilities,

tabletop sources also considerably increased their performance

in terms of photon flux, photon energy, and time resolution.
Plasma-based sources can provide photon energies reaching
the keV regime with sub-ps time resolution.25,26 Light sources
based on high-harmonic generation (HHG) can also reach up
to keV in energy, but due to the inherently coherent emission
process, they also reach attosecond time resolution.27−30

Furthermore, the time and energy resolution are not
interdependent through the uncertainty principle and can,
therefore, be optimized separately. Thus, the ultrabroad
spectral coverage of HHG is ideally suited for ultrafast X-ray
absorption measurements. Additionally, the common optical
origin of the pump and probe pulses enable a near-perfect
temporal synchronization to be achieved.
Pioneering transient-absorption experiments via HHG were

performed using near-infrared (NIR)-laser-based sources with
a cutoff limited to the extreme ultraviolet (XUV) photon-
energy range.31 Ultrafast dynamics of transition-metal com-
pounds as well as magnetization and spin-transfer dynamics
have been studied using XUV sources.32−36 In this energy
range, electrons from the valence orbitals and a few shallow
core levels can be reached, and thus, element-specific
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information is difficult to obtain. Deep-lying core electrons
provide element sensitivity, and furthermore, their binding
energies are site- and orbital-specific. The energy required to
excite these electrons in organic molecules is in the soft-X-ray
(SXR) range, since the molecules contain carbon, nitrogen, or
oxygen. Very recent progress in optical parametric amplified
laser sources37,38 enabled the generation of SXR spectra
covering the water-window regime39−43 and first applications
to time-resolved measurements in gases.44,45

In addition to broadband ultrashort light sources, SXR
absorption spectroscopy requires targets that are thinner than
one absorption length to avoid spectral artifacts and signal
distortions.46,47 For condensed samples in the SXR domain,
the absorption lengths typically amount to hundreds of nm.
Implementing liquid samples that are sufficiently thin proved
to be experimentally challenging. The additional vacuum
requirements further added to the complexity of the
experimental setup. The development of homogeneous flat
microjets48,49 has very recently enabled the first observation of
high-order harmonic generation in liquids,50 the measurement
of static SXR absorption spectra of aqueous solutions recorded
with an HHG source,51 and the dynamical investigation of
metal complexes at a synchrotron facility with ∼50 ps temporal
resolution.52

Here, we report the first realization of femtosecond SXR
absorption spectroscopy in the liquid phase utilizing an HHG
source in the water-window region39 and a sub-micrometer flat
jet.50 We study the femtosecond dynamics following the
strong-field ionization of alcohols. We demonstrate a temporal
resolution of ∼30 fs and the formation of pre-edge absorption
features arising from the creation of an outer-valence hole in
liquid ethanol and methanol. We assign the observed
transitions from the 1s orbital of carbon to the highest-lying
occupied molecular orbital (HOMO, or valence band) and the
lowest-lying molecular orbital (LUMO, or conduction band).
This development establishes the feasibility of femtosecond
time-resolved SXR experiments in liquids, which have the
potential of driving major advances in our understanding of
electronic and structural dynamics in solvated systems.
The laser source consisting of a high-power femtosecond

laser system, an optical parametric amplifier, and a
filamentation-based pulse compressor as well as the HHG
source and the SXR beamline are described in the
Experimental and Theoretical Methods, which includes an
overview of the experimental setup. Briefly, the output of a
cryogenically cooled titanium−sapphire (Ti:Sa) laser system is
used to pump an optical parametric amplifier delivering

∼1.6 mJ pulses centered at ∼1800 nm. These pulses are
compressed to a duration of ∼13 fs, i.e., two to three optical
cycles using a two-stage filamentation pulse compressor. The
beam is then focused into a gas target filled with helium at a
pressure of ∼3.5 bar, resulting in HHG spectra extending up to
∼550 eV. The high-harmonic radiation subsequently interacts
with a flat liquid microjet at normal incidence. The transmitted
radiation is spectrally analyzed in a flat-field SXR spectrometer.
The pump pulses with a central wavelength of 400 nm and a
pulse duration of ∼30 fs are created by frequency doubling a
small fraction of the 800 nm output of the Ti:Sa laser system.
The frequency doubling was performed to minimize the
spectral perturbations in the strong-field interactions with the
liquid sample. The pump beam intersects the SXR probe beam
under a small angle (0.5°) inside the flat microjet.
We report overview spectra with very wide spectral coverage

at relatively low spectral resolution as well as high-resolution
spectra with narrower spectral coverage. The low-resolution
spectra were recorded with a spectrometer equipped with a
microchannel-plate (MCP) detector, whereas the high-
resolution spectra were taken with an X-ray charge-coupled-
device (CCD) camera. The raw HHG spectrum measured in
the absence of the flatjet is shown in Figure 1 as the blue-
shaded area. It spans the energy range from 120 to 550 eV,
covering the entire water window. The maximum flux is
observed at 150 eV, followed by a monotonic decrease until
the cutoff, which is located at approximately 550 eV. The
spectrum notably covers the entire water window from the
carbon K-edge to the oxygen K-edge, as well as lower energies,
enabling the recording of time-resolved X-ray absorption
spectra at many edges simultaneously, such as the K-edges of
B, C, N, and O as well as the L-edges of P, S, Cl, Ar, among
others. This extremely broad spectral coverage is the key
distinguishing feature of our tabletop laser-based source in
comparison with a FEL.
The transmittance spectra through the liquid methanol and

ethanol samples are shown in Figure 1 as the solid and dashed
lines, respectively. Both spectra show the characteristic increase
in absorption around the C K-edge located at ∼288 eV,
represented by the black-shaded rectangle in the figure. The O
K-edge is also clearly observed at ∼538 eV (red-shaded
rectangle). To the best of our knowledge, this represents the
first observation of absorption at the O K-edge of a liquid
sample using an HHG source. The absorption at the O K-edge
is significantly weaker because of the much lower atomic
absorption cross section. An additional contributing effect may
come from the photon flux which is one order of magnitude

Figure 1. Left: Static SXR absorption spectra. The shaded area is the high-harmonic spectrum displayed on a logarithmic intensity scale. The
dashed and solid lines represent the transmittance spectra of liquid ethanol and methanol, respectively, through a sub-micrometer-thin flat liquid
jet. These overview spectra have been recorded with the MCP detector. Right: Schematic representation of the molecular orbitals of the ethanol
molecule using the 6-31G** basis set and the observed X-ray transitions.
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weaker compared to the C K-edge, making the O K-edge
signals more susceptible to residual background offset. The
difference in transmittance at the C K-edge between ethanol
and methanol is due to the unequal number of carbon atoms
within each molecule and a possible difference in sample
thickness.
For the time-resolved measurements, we concentrate on the

carbon K-edge because of the higher spectral resolution. Figure
2 shows the absorption spectra of liquid methanol and ethanol

as thin violet and red solid lines, respectively. The spectra have
been normalized to their maximum within the displayed energy
range and show the characteristic increase of absorption
between 285 and 290 eV, corresponding to transitions from
the carbon 1s to the lowest unoccupied orbitals (or conduction
bands).53 They additionally show absorption features above
the absorption edge, which originate from transitions into the
photo−ionization continuum. These structures are similar
between methanol and ethanol in displaying a relatively sharp

Figure 2. Transient SXR absorption spectra at the carbon K-edge. (a) Measured absorption spectra of neutral ethanol and methanol before (thin
solid lines) and after (dashed lines) strong-field ionization. The pumped spectra were averaged over delays ranging from t = 50−250 fs. The
difference spectra ΔOD are shown as thick solid lines. These data have been recorded with the CCD camera. (b) Calculated X-ray absorption
spectrum of the methanol dimer cation (red area) and neutral methanol dimer in its ground state (blue area) spectra. The spectra of the cation
have been obtained by integration over the simulated time interval. The difference between the two spectra, corresponding to the ΔOD, is shown
as a solid purple line. (c) Schematic representation of the molecular orbitals of the ethanol molecule and the observed X-ray transitions.

Figure 3. Time evolution of the transient absorption spectrum (ΔOD) of methanol (a,b) and ethanol (c,d). Panels (a) and (b) indicate the
lineouts of the highlighted spectral regions in the corresponding ΔOD maps (b) and (c). The lineouts were fitted using sigmoidal functions, such
that the exact onset of the feature can be determined. Energy ranges are 284−288 eV and 283−287 eV for the positive absorption bands (marked
red) and 292−296 eV and 292−296 eV (marked blue) in the case of methanol and ethanol, respectively. These data have been recorded with the
CCD camera.
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peak with a width of ∼1.5 eV, followed by a broader spectral
feature, although the amplitudes of these features are different
between the two alcohols. By comparison with prior work on
X-ray absorption of liquid methanol53,54 and methanol
clusters,55 the narrow peak can be assigned to two main
transitions from the carbon 1s orbital to final-state orbitals with
dominant σ*(O−H) and σ*(C−H) characters. The broader
peak can similarly be assigned to a dominant transition to a
final−state orbital of σ*(C−O) and σ*(C−H) character. The
first pre-edge of the static ethanol absorption is shifted toward
lower energy compared to methanol. This could be due to the
presence of the second carbon, which has a lower 1s binding
energy according to gas-phase experiments.53,56 We note that
comparison of our data with previous results on liquid
methanol may suggest saturation effects caused by a larger
sample thickness compared to ethanol.
Figure 2 further shows the corresponding absorption spectra

following the action of the strong-field-ionization pump pulse
as dashed lines using the same color coding. The changes in
absorption are relatively minor, which indicates a small
ionization fraction resulting from the relatively weak pump
pulse of ∼1 × 1014 W/cm2. The dominant visible changes are
an increased absorption below the respective absorption edges.
The spectral changes induced by the pump pulse are better
visible in the difference spectra, in which they are shown as
thick full lines. The absorption spectra in the presence of the
pump pulse, as well as the difference spectra, have been
averaged over pump−probe delays ranging from ∼50 to
∼250 fs. The difference spectra have additionally been
multiplied by a factor of 5 to highlight the spectral structures
of the small changes in absorption. The dominant features in
the difference spectra are the increased absorption below the
respective absorption edges displaying a monotonic increase
from 277 eV to 285−287 eV labeled as A, followed by a sharp
decrease and negative contributions (B) that mirror the sharp

and broad spectral features observed in the spectra of the
unpumped liquids.
We now turn to the observation of femtosecond time-

resolved changes in the absorption spectra. The time-resolved
measurements shown in Figure 3 span the time delay range
from −125 to 250 fs in 25 fs steps, where positive delays
correspond to the pump pulse arriving before the probe pulse.
These data have been recorded with the CCD camera to
achieve a higher spectral resolution. At every time step, two
spectra are recorded with 10 images and 4 s of exposure time
each for the pump-on (strong-field ionization) and pump-off
cases. In order to calculate the ΔOD spectra, defined as the
difference between pump-on and pump-off absorbances ΔOD
= Apump − Aref, we first averaged all images for a specific time
step.44 In Figure 3, we present time-resolved measurements in
ethanol and methanol. The data in panels B and C are false-
color representations of ΔOD as a function of time delay and
photon energy. In both of them, a strong broad feature around
285 eV can be observed, which corresponds to the C K-edge
for each molecule. The features appear in the spectra around
time zero and remain approximately constant throughout the
measured delay range. For the interpretation of our data, we
performed electronic structure calculations of ab initio
molecular dynamics (AIMD) sampled methanol dimers
based on the density functional theory (see Experimental
and Theoretical Methods for details). The calculated spectra
are shown in Figure 2(b). The theoretical results reproduce
well the monomer spectra of methanol, see Figure S4, and the
additional band below the pre-edge, which originates from the
transition from the 1s of carbon to the HOMO vacancy. These
calculations further predict a proton transfer to occur from the
ionized methanol molecule to its hydrogen-bond acceptor on
an ultrafast time scale. The AIMD results show how the
internuclear separation of one OH bond of a methanol
molecule in a dimer configuration elongates in the first tens of

Figure 4. Experimental setup, showing both the light sources and the SXR beamline. The pump and probe pulses are overlapped on the liquid flat
jet. The small crossing angle of 0.5° ensures negligible temporal smearing of <3 fs. The inset illustrates the geometry of the flat-jet sample and the
liquid-nitrogen cold trap that captures the majority of the liquid. The SXR probe is generated in a differentially pumped high-harmonic gas cell and
refocused using a toroidal mirror. Finally, the spectrometer consists of a flat-field grating and an X-ray CCD camera.
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femtoseconds, while the distance of the same hydrogen to the
oxygen atom of the neighboring methanol molecule shrinks
(see the Supporting Information Figures S5 and S6). This
finding is in agreement with a previous work, which also
showed evidence for proton-transfer dynamics after valence
ionization of a methanol dimer in the first tens of
femtoseconds.57 However, a dimer is only a rudimentary
model for the liquid phase, and therefore, these results cannot
be expected to quantitatively agree with our experimental data.
Panels A and D represent the energy integration over the

ΔOD signal between the positive and negative bands and fits
of sigmoidal functions to the data (see Figure 3 caption for the
corresponding photon-energy ranges). The rise times of the
positive and negative ΔOD bands are associated with the
dynamics of strong-field ionization of liquid ethanol and
methanol. The positive absorption feature can be associated
with transitions from the C 1s core level to the HOMO orbital
(or band), which was dominantly ionized by the strong laser
field. The rise times of the positive ΔOD bands, defined as an
amplitude change from 10 to 90%, amount to 69 ± 10 fs and
52 ± 9 fs in methanol and ethanol, respectively. These rise
times are notably slower than the duration of the pump pulse,
which indicates that the observed dynamics are not exclusively
electronic in character but also involve nuclear motion. Our
own calculations as well as previous theoretical work on the
ionization-induced dynamics of methanol clusters indeed
predict an ultrafast proton transfer to take place following
ionization,57 offering a possible explanation for the observed
noninstantaneous response.
We have successfully performed the first time-resolved SXR

absorption measurements in the liquid phase using a high-
harmonic source. This source is sufficiently broad to
simultaneously cover the energy range from 100 to 550 eV,
covering both the carbon and the oxygen K-edges. The present
results show the formation of an outer-valence hole during
strong-field ionization of liquid alcohols. The appearance of the
corresponding pre-edge absorption features at the carbon K-
edge was observed to be notably slower than the experimental
time resolution, which is attributed to the participation of
nuclear dynamics triggered by ionization. These results
demonstrate the potential of such experiments, especially
their unique combination of broad spectral coverage with high
temporal resolution, which will enable unprecedented insights
to be obtained on liquid-phase dynamics using the element and
site sensitivity of X-ray spectroscopy.

■ EXPERIMENTAL AND THEORETICAL METHODS
An overview of the experimental setup is shown in Figure 4.
The primary light source consists of a Ti:sapphire regenerative
amplifier providing 4 mJ pulses that are subsequently amplified
in a cryogenically cooled two-pass amplifier (Coherent Inc.).
The two-stage Ti:sapphire-based laser system provides 17 mJ,
40 fs pulses at a 1 kHz repetition rate. Its output is used to
pump a BBO-based type-II parametric amplifier seeded with a
white-light supercontinuum originating from the same pump
pulse. The parametric amplifier delivers ∼1.6 mJ, 40 fs idler
pulses centered at λ = 1.8 μm wavelength that are passively
carrier-envelope-phase (CEP) stable. This mid-IR output is
then compressed down to sub-three-cycle pulses in a dual-
filamentation setup. Details regarding the optimization of the
HHG source are given in ref 39. The water-window-spanning
SXR spectrum is generated by focusing the compressed pulses
using a f = 250 mm spherical mirror into a static high-pressure

helium gas target (3.5 bar) via high-order harmonic generation.
The SXR beam is then refocused using a nickel-coated grazing-
incidence toroidal mirror from ARW Optical Corp. onto the
liquid flat jet, resulting in a focal spot size of 62 μm on target.
The pump pulse is obtained by splitting a 10% fraction of the
800 nm laser beam and then frequency doubling it in a BBO
crystal. The pump pulses were characterized using self-
diffraction frequency-resolved optical gating (FROG), which
provided a measured pulse length of ∼30 fs. The pump beam
of the experiment was passed over a delay stage and focused
onto the target using a spherical-mirror-based telescopic
focusing system with an effective focal length of 1.5 m resulting
in a peak intensity of ∼1 × 1014 W/cm2.
The transmitted SXR probe pulse spectrum was recorded

with a soft-X-ray spectrometer based on a blazed variable-line-
spacing grating from Hitachi with a 2400 line/mm density in
the center.58 The overview spectra shown in Figure 1 were
recorded with a 40 mm active diameter MCP phosphor and
optical detector, whereas the data shown in Figures 2 and 3
were recorded with a backilluminated enhanced coated
Newton X-ray CCD camera from Andor with a nominal
pixel size of 13.5 × 13.5 μm. The effective pixel size of the
CCD is smaller than the MCP’s and therefore led to a higher
energy resolution, see also ref 59.
The flat microjet is created by colliding two cylindrical

microjets created from 18 μm inner-diameter quartz nozzles
using a high-pressure liquid chromatography pump, resulting
in a flat jet with a sheet thickness of <600 nm, based on an
extrapolation of thickness measurements performed with
white-light interferometry. The flat-jet setup has been
previously described in ref 50 and has been further optimized
to reach sub-micrometer thickness. The thickness depends on
various parameters, such as the orifice size of the nozzle, flow
rate, type of liquid, and position of the measurement with
respect to the flat microjet. The flow rate for the creation of a
stable flat microjet in turn depends on the nozzle orifice size
and the viscosity of the sample. For the presented experiments,
the flow rate was 1.2 mL/min. Absolute pure ethanol and
methanol liquids with at least 99.8% purity from Merck were
used. A liquid-nitrogen cold trap and differential pumping
maintained a pressure of <1 × 10−3 mbar in the liquid-jet
chamber and <5 × 10−7 mbar in the spectrometer chamber
with a running flat jet.
To minimize the photon-flux fluctuations, each ΔOD

spectrum was referenced by recording two spectra with the
pump beam unblocked/blocked. For every time delay step, 10
such pairs of spectra were acquired. The information is then
used to calculate the error bars in Figure 3, panels (a) and (d).
The time evolution of the absorption spectrum was modeled

by calculating it at various successive molecular configurations
utilizing an AIMD calculation. At the beginning of the time
evolution, the molecular system was chosen to be in its
electronic ground state. The corresponding coordinates were
adopted from ref 60. Following ionization, AIMD calculations
were used to simulate the time evolution of the singly charged
system. A 500 fs long trajectory with a 0.2 fs time step was
calculated using the GAUSSIAN 09 package61 using the
extended Lagrangian approach.62 The 6-31G* basis set and the
B3LYP exchange-correlation functional (XC) were employed.
The time evolution of the spectrum was accounted for by
sampling the geometry of the system in the AIMD trajectory
every 5 fs. The C K-edge spectrum corresponding to each
geometry was calculated. Each spectrum was calculated by
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means of unrestricted DFT calculations using the Amsterdam
Density Functional package (ADF version 2016.107). The
Slater type basis sets utilized were ET-QZ3P-3DIFFUSE for
the C atom and TZP for both the O and the H atoms. The XC
utilized was X3LYP because of its more accurate description of
the intermolecular interactions.63−65 The spectral calculations
were performed with the DFT transition state (DFT-TS)
scheme.66,67 In particular, the transition potential (TP) scheme
was adopted, introducing a single half electron (charge-wise) in
the carbon 1s orbital.66,67 In the context of this scheme, the
excitation energies were calculated as the difference between
the Kohn−Sham (KS) eigenvalues relative to the final (φf

TS)
and the initial (φi

TS) KS orbitals of the excitation. The
probability of absorption was evaluated from

φ μ φ= Δ |⟨ | |̂ ⟩|→f n E
2
3 i i f i f

TS TS 2

(1)

where ni is the occupation number of the initial state, ΔEi→f is
the energy of the transition, and μ̂ is the dipole operator. The
line spectrum obtained was convoluted with a Gaussian profile
of 0.4 eV FWHM, corresponding to the spectrometer
resolution.
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Zürich, 8093 Zürich, Switzerland

Vít Svoboda − Laboratory of Physical Chemistry, ETH Zürich,
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