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Abstract
Detailed knowledge about photo-induced electron dynamics in water is key to the understanding
of several biological and chemical mechanisms, in particular for those resulting from ionizing
radiation. Here we report a method to obtain photoelectron spectra from neutral water clusters
following ionization by an extreme-ultraviolet (XUV) attosecond pulse train, representing a first
step towards a time-resolved analysis. Typically, a large background signal in the experiment arises
from water monomers and carrier gas used in the cluster source. We report a protocol to quantify
this background in order to eliminate it from the experimental spectra. We disentangle the
accumulated XUV photoionization signal into contributions from the background species and the
photoelectron spectra from the clusters. This proof-of-principle study demonstrates feasibility of
background free photoelectron spectra of neutral water clusters ionized by XUV combs and paves
the way for the detailed time-resolved analysis of the underlying dynamics.

1. Introduction

A detailed understanding of electron scattering properties in water is crucial to modeling and controlling
many processes occurring in nature, ranging from atmospheric chemistry to radiation biology [1–3]. When
highly energetic radiation interacts with biological tissue, for example, an ionization track leads to the
formation of many intermediate species, eventually breaking down the tissue into smaller products. During
this process, low-energy electrons (kinetic energies between 10 and 50 eV) have been shown to play a central
role in DNA damage [4–6]. As a bottom-up approach to understand the dynamics of such complex systems,
the investigation of electron scattering and transport properties in water is essential [7–11]. Scattering cross
sections for liquid water have been retrieved in the sub-excitation range [9, 12]. However, the only available
data on electron scattering cross sections in the 10–50 eV energy range is for amorphous ice [13]. Recently,
electron scattering in large neutral water clusters (H2O)n was investigated and compared to condensed-phase
data [14, 15].
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Although the above-mentioned studies shed light on low-energy electron scattering in water, mainly in
terms of scattering cross sections and channel-resolved energy losses, no time-resolved studies of electron
scattering in clusters have been reported to date. It is known that low-energy electrons propagating through
biological tissue induce non-thermal reactions on ultrafast time scales, typically in the femtosecond regime.
However, the timing of the elementary step in this chain of events, i.e. the scattering time of the electrons in
the aqueous medium, has so far not been measured. In this context, time-resolved spectroscopy with high
temporal resolution may provide new insight into the ultrafast electron dynamics occurring in hydrated
molecules.

The advent of attosecond technology [16] allowed for the investigation of electron dynamics in matter
with unprecedented temporal resolution. Building on the seminal results obtained in atoms and small
molecules [17–19], attosecond extreme-ultraviolet (XUV) pulses have recently been used to elucidate charge
dynamics in more complex systems [20, 21]. In this context, a time-resolved study of electron transport
properties in large dielectric nanoparticles was performed [22, 23], and an inelastic scattering time of around
400 as was measured for photoelectron energies between 20 and 30 eV. This result proved that attosecond
spectroscopy can be applied to larger samples, bringing the field one step closer to investigation of electron
scattering in water with attosecond resolution.

Interfacing attosecond spectroscopy setups and bulk liquid water samples is technologically very
challenging. First of all, attosecond laser pulses need to propagate in an ultra-high vacuum, ultra-low
optical-dispersion environment, which is difficult to maintain in the presence of liquid water. Moreover, the
detection of few-eV electrons generated in liquid samples presents several technical challenges of its own [24].
However, the above-mentioned limitations can be partially circumvented by the employment of molecular
sources producing large water clusters in the gas-phase, while providing at the same time an interesting
prototype target with specific physical properties that reflect the intermediate position between the gas and
liquid phase. Furthermore, electron scattering cross sections are available for neutral water clusters [14].

In this work we report photoelectron spectra of water clusters containing about 100 water molecules
ionized by an extreme-ultraviolet (XUV) comb with photon energies between 20 eV and 50 eV.

We focus here on the analysis of the photoelectron spectra, aiming at the extraction of a water cluster
signal from those of other species present in the interaction region, in particular water monomers and carrier
gas. We show that this can be achieved by performing multiple measurements under different source
conditions. By combining these measurements with simulated photoelectron spectra, we disentangle the
contributions from the three species of interest: water clusters, water monomers and the carrier gas. This
analysis paves the way for the interpretation of attosecond time-resolved photoelectron spectra of water
clusters ionized by XUV combs.

2. Experiment

A Ti:Sapphire laser system (Femtopower by Spectra Physics) provided linearly-polarized laser pulses centered
at 780 nm, with a temporal width of 20 fs and a pulse energy of 2 mJ. The laser pulses were focused in a
pulsed gas jet to drive high-harmonic generation (HHG) in argon [25]. The HHG beam propagated through
a thin Al foil (100-nm thickness) that is used to remove the 780-nm driving field. The transmitted HHG
signal was focused onto the interaction region with the cluster beam through a grazing-incidence
gold-coated toroidal mirror, and its spectrum was measured by an XUV spectrometer installed downstream
from the interaction region. The measured XUV spectrum is shown in figure 1(a). It consists of a comb of
odd harmonics of the fundamental frequency in the energy range between 20 and 50 eV, i.e. between the 13th
and 31st order harmonics.

Water clusters were produced by expanding water vapor through a pulsed Even-Lavie (EL) valve [26] into
vacuum, similarly to previous studies [14, 15]. The temperature of the sample reservoir filled with liquid
water was set to 383 K. To avoid condensation in the nozzle, the EL valve was held at 388 K. A mixture of
water vapor with helium (He) carrier gas at a pressure of ~12 bar was expanded into the interaction region.
These conditions resulted in clusters containing about 100 water molecules. This estimate is based on
previous Na-doping measurements performed at ETH Zürich [14] and a simulated cluster photoelectron
spectrum (see below). Time-of-flight mass spectra and photoelectron velocity map images of water clusters
ionized by the XUV harmonic comb were recorded with a velocity map imaging [27] (VMI) spectrometer in
a perpendicular extraction configuration [28].

In figure 1(b) we report the measured photoelectron momentum distribution following ionization of the
water clusters by the XUV comb. The distribution is integrated over 30 000 laser shots, fully symmetrized
along both the x and y axes, normalized to the innermost ring, and plotted on a log scale.

We note that, due to the typical operation of the cluster source explained above, the XUV comb can
efficiently generate photoelectrons from all the species that are present in the interaction region, i.e. not only
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Figure 1. (a): High-harmonic spectrum generated in argon. The satellite peaks below 25 eV originate from higher order diffraction
introduced by the grating. b,c,d: 2D Projections of the angle-resolved photoelectron momentum distributions (in atomic units):
clusters (b); He/water monomer mixture (c); pure He (d). The images in b,c,d were fully symmetrized along both the x and y axes,
normalized to the innermost ring and shown on a logarithmic color scale. The electric field is linearly polarized along the y-axis.

the water clusters under study but also (gas-phase) water monomers and He atoms. In fact, due to their
abundance, water monomers and He atoms may represent the dominant contribution to the photoelectron
spectrum of figure 1(b) and act as a relatively large background in the experiment. The main goal of this
work is to establish a robust analysis procedure that allows for the removal of such a background.

In order to evaluate—and eliminate—contributions of He and water monomers to the spectra and
extract a clean photoelectron signal of water clusters, the source was operated under two additional
conditions. First, the XUV was synchronized to interact with the rising edge of the temporal profile of the
cluster beam pulse, for which a low-density He/water monomer mixture (no clusters) is obtained. Second, a
measurement with pure He target was performed. The absence of clusters or water monomer, respectively,
was confirmed by mass spectrometry measurements. The resulting photoelectron momentum distributions
are shown in figures 1(c) and (d), respectively. The images are individually normalized to the signal of the
innermost ring in each image. Before normalization, the ratio of signals for the innermost ring in cluster
(figure 1(b)), monomer (figure 1(c)) and helium (figure 1(d)) images is 1:0.25:0.9, as expected from different
source conditions employed. Besides the mentioned difference in signal levels, cluster and monomer
distributions (figures 1(b),(c)) do not show appreciable differences.

Furthermore, the water monomer photoelectron distribution (figure 1(c)) cannot be directly used as a
background to be subtracted from the cluster distribution (figure 1(b)), since the relative abundance of He
and water monomers is not the same in different temporal slices of the molecular beam. For this reason, we
analyze each distribution from figure 1 separately. We demonstrate that a clear photoelectron signal from
clusters can be identified by fitting the simulated XUV photoelectron spectra to the experiment.

In the following we will use the term ‘cluster spectrum’—if not specified otherwise—to refer to the first
target condition described above, i.e. the mixture of He, water monomer and water clusters. We will use ‘He’
for a pure helium condition and ‘monomer’ to refer to the mixture containing helium and water monomers.

3. Analysis and discussion

As a first step, to have a more accurate picture of the photoelectron distributions produced for the three
target conditions described above, the full three-dimensional momentum spheres were retrieved by Abel
inversion of the 2D projected data of figures 1(b)–(d) on a basis of Legendre polynomials, using the BASEX
method [29].Then, the corresponding center-slices of the reconstructed photoelectron distributions were
angularly integrated, and the resulting curves were plotted in figure 2(a) as a function of the photoelectron
energy for He (green solid line), He/monomer (blue solid line) and clusters (red solid line). In the same
figure, the photoelectron energies expected for ionization of He (Ip = 24.58 eV) by the XUV comb are given
(green dashed vertical lines). The three spectra show an exponentially decaying background signal which we
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Figure 2. (a): Photoelectron kinetic energy (eKE) spectra obtained by angularly integrating the inverted photoelectron spectra for
the three different target conditions, i.e. for clusters (red solid line), He/monomer (blue solid line) and He (green solid line); the
spectra were normalized to the first photoelectron peak, after subtracting the baseline; the green dashed lines show the
photoelectron energies expected for ionization of He (Ip = 24.58 eV) by the XUV comb. (b): Blue and red curves from panel (a)
after the subtraction of He, normalized to the maximum signal; the blue dashed lines show the photoelectron energies expected
for ionization from the highest occupied molecular orbital of water monomer (Ip = 12.62 eV) by our XUV comb.

expect to originate from scattered electrons generated in the long ionization volume defined by the focused
XUV pulses. In the following analysis, such background was fitted with a combination of a Gaussian and an
exponential function and subtracted from the measured spectra (figure 2(a)). In the cluster spectrum, we
note that a minor contribution from secondary electrons is plausible.

We note that the dominant photoelectron peaks match the dashed lines not only in the He spectrum but
also in the He/monomer and cluster spectra. This is a clear signature of the predominant contribution of He
for all three target conditions.

This was further confirmed by mass spectrometry measurements. The relative abundance of ionized He
in He/monomer and cluster conditions was found to be two orders of magnitude higher than the ionized
water species. Even without knowing the relative abundance of helium in the different images, it is still
possible to extract an experimental ratio from the data, as there is one ring in the image that is produced
almost entirely of photoelectrons emitted from He. Since the ionization potential of water is much lower
than that of He, only the higher-binding-energy bands of water may contribute to the spectrum at
energies <5 eV. Thus, the lowest energy photoelectron peak (at ~2.5 eV) is dominated by helium
photoelectrons. The ratio between the intensity of this peak in the different spectra represent therefore the
relative abundance of ionized He in clusters and He/monomer spectra. The He background can then be
rescaled and removed from the cluster and the monomer spectra.

In figure 2(b) we report the result of the subtraction, indicating the photoelectron energies expected for
ionization from the highest occupied molecular orbital of a water monomer (Ip = 12.62 eV) by the XUV
comb (blue dashed vertical lines). The two spectra were normalized to their maximum value. As a
consequence of the subtraction, the spectrum originally measured for the He/monomer case is expected to
show a clean signal from the water monomer. Indeed, the peaks of the blue curve match the blue dashed
lines. For clusters, instead, the subtracted spectrum (red solid line) consists now of photoelectrons produced
by a mixture of clusters and monomers. This is evident in the shoulder shifted towards higher kinetic
energies: a clear signature of the cluster contribution, for which the ionization potential is about 0.8 eV lower
than that of the monomer [14, 30]. We note that the subtracted spectra show background subtraction
artefacts at very low energies (<5 eV). They may originate from a combination of imperfect subtraction of
the diffuse low-energy feature and, consequently, imperfect rescaling based on the first photoelectron peak.
At energies where photoelectrons from water contribute to the spectra significantly (>5 eV), the subtracted
data demonstrates that a significant quantity of photoelectrons was produced from clusters.

We compare the experiment to simulated photoelectron spectra generated by the corresponding XUV
light. The simulated photoelectron spectra were obtained by accounting for photoionization of He, water
monomers and water clusters by each of the harmonics present in the XUV comb, including the information
on XUV spectral intensity and absolute ionization cross sections [31, 32]. The He single harmonic
photoelectron spectrum was approximated by a Gaussian function, while the literature-reported water
monomer and cluster electron binding energy (eBE) spectra were used [33]. Further details on the
simulation can be found in appendix A.

In a first step, we simulated the pure He photoelectron spectrum (green dots, figure 3(a)). By fitting the
simulation to the experimental background-subtracted (exponential background) spectrum, we were able to
determine relative XUV spectral intensities and the intrinsic resolution of our spectrometer. Due to the large
ionization volume defined by the focused XUV light, and electron trajectories far off-center experiencing
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Figure 3. Comparison between experimental spectra and simulations. (a) He spectrum (after subtracting the baseline) is shown
in dots. The solid line shows the fit of the overall spectrum, i.e. the sum of the ionization spectra (indicated by green areas)
produced by each harmonic where the width, amplitude and asymmetry are fit parameters. The same comparison is reported in
(b) for water monomer, where the dashed line represents a fit with same parameters, but without including asymmetric peaks
correction and in c) for monomer/cluster mixture.

stronger VMI-lensing, the peaks show an asymmetric shape with a tail extending towards lower electron
kinetic energy (eKE). These asymmetries were accounted for by using an exponentially modified Gaussian
line shape, characterized by a single asymmetry parameter [34]. Both the linewidth and the asymmetry
parameter were assumed to be linearly dependent on the kinetic energy. The resulting simulated spectrum is
shown as a solid line in figure 3(a), with individual photoelectron bands shown as shaded areas. The relative
XUV spectral intensity agrees with the experimental spectrum (figure 1(a)) within the uncertainties given by
the XUV and VMI spectrometers. The linewidths range from 0.2–0.5 eV (full width at half maximum) in
going from 2.5 eV to 20 eV kinetic energy.

In a second step, the isolated water monomer spectrum (blue dots, figure 3(b)) was simulated. The XUV
spectrum, linewidths and asymmetries obtained in the previous step were held constant. The eBE spectrum
of water monomer recorded at photon energy of 22 eV [33] was adapted to include the determined
linewidths and peak asymmetries. The solid line in figure 3(b) shows the spectrum resulting from the sum of
the individual harmonic components (shown as blue areas in figure 3(b)). To illustrate the importance of
correctly accounting for the intrinsic VMI spectrometer peak shapes, a simulated spectrum assuming
symmetric line shapes is shown as dashed blue line in figure 3(b).

Finally, we concentrate on the cluster spectrum (red dots, figure 3(c)). The monomer contribution was
simulated in the same manner as in the previous step and the line shape parameters kept at values
determined in the first step. To account for condensation effects on the cluster photoionization cross section,
water monomer data [32] was assumed to scale with an average cluster size. A cluster eBE spectrum was
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approximated using a literature spectrum reported for a cluster of 20 molecules ionized with 22 eV light [33].
The relative band intensities in this spectrum are expected to well represent cluster size regime investigated in
this study, as well as the photon energies employed for photoionization. Due to the broad nature of the
cluster photoelectron bands, no asymmetry was included for the cluster spectrum. A two-parameter fit to the
experimental spectrum was performed and the resulting spectrum is shown as solid line in figure 3(c). The
first parameter includes a factor allowing for a band shift of 0.8–1.3 eV towards higher eKE (with respect to
the monomer), introduced to account for a cluster-size dependent shift in binding energies [14, 30, 35]. The
retrieved value of ~0.8 eV is consistent with clusters containing ~100 water molecules [14]. The second
parameter yields a ratio of photoelectrons originating from monomers to clusters of 2:1. The two
above-mentioned retrieved values represent the main outcome of our analysis and demonstrate that a clear
signature of large water clusters can be extracted from experimental spectra.

4. Conclusions

In this work we reported a photoelectron spectroscopy experiment on neutral water clusters ionized by a
high harmonic comb in the XUV. We demonstrate that a significant quantity of photoelectrons ejected from
neutral water clusters was measured, albeit together with a large background from He and water monomers.
We showed that the signature of cluster photoelectrons can be identified in the spectrum by simulating the
photoionization of the species present in the interaction region and using the numerical results to fit the
experimental data. This allowed us to produce the portion of the experimental spectrum which can be
assigned to clusters. This analysis represents an important ingredient for the interpretation of photoelectron
spectroscopy experiments on neutral water clusters ionized by an attosecond pulse train. In particular, our
result paves the way for the analysis of time-resolved XUV spectroscopy on clusters, such as reconstruction of
attosecond beating by interference of two-photon transitions (RABBITT) [36, 37].
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Appendix A. Simulation and fitting of XUV photoelectron spectra

To model photoelectron spectra produced by XUV-comb ionizing our water-containing molecular beam, we
describe the photoelectron signal in terms of spectral components corresponding to each species present in
the ionization volume ionized by each of the harmonics

PES(eKE) =
∑
k

Ik
∑
i

Aiσi (k · hν)PESki (k · hν− eBE) ,

where Ik is the relative intensity of a harmonic with order k and hν is the fundamental photon energy. The
relative abundance of each species (i) present in the interaction volume is given by the parameter Ai. Energy
dependent photoionization cross sections (σi) of helium and water monomer are taken from the literature
[31, 32] and we assume that σcluster = nσmonomer, where n is the average cluster size. The corresponding
photoelectron spectra (PESki ) are calculated from the photon energy (k · hν) and the photoelectron binding
energy (eBE) spectra.
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The PES of helium is represented by an exponentially modified Gaussian function [34]

PESkHe (eKE) =
w

α

√
π

2
exp

[
1

2

(w
α

)2
− eKE− eKE0

α

]{
1− erf

[
1√
2

(
w

α
− eKE− eKE0

w

)]}
,

where w is the peak width and α is the asymmetry parameter. The asymmetric shape towards lower kinetic
energies originates from the long ionization volume (Rayleigh length) defined by the focused XUV light, and
electron trajectories far off-center experiencing stronger VMI-lensing. The importance of correctly
accounting for the asymmetric shape is highlighted in figure 3(b) by comparing the monomer simulation
with (full line) and without (dashed line) the asymmetry. Both w and α are assumed to linearly depend on
electron kinetic energy. The parameter eKE0 is determined from the photon energy of harmonic k and the
ionization potential of helium so that the center of the band lies at eKE0 = k · hν− IP.

The eBE spectra of water monomer and clusters (n= 20) are taken from the literature [33]. The
monomer spectrum is described by a sum of 4 Gaussian functions representing photoionization from the
1b1, 3a1 and 1b2 orbitals and afterwards modified to include the determined spectrometer linewidths and
peak asymmetries by replacing Gaussian functions by the exponentially modified Gaussian functions. For
clusters, no asymmetry is included due to the broad nature of the cluster photoelectron bands. To account for
condensation effects on the cluster eBE spectrum, we included a size-dependent shift (∆eBE) [14, 30] so that

PESkcluster (eKE) = PESkcluster (k · hν− eBE+∆eBE) .
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