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The laser-assisted photoelectric effect from liquid surfaces is reported for the first time. Photoelectrons
generated by 35.6 eV radiation from a liquid microjet of water under vacuum are dressed with a
ℏω ¼ 1.55 eV laser field. The subsequent redistribution of the photoelectron energies consists in the
appearance of sidebands shifted by energies equivalent to ℏω, 2ℏω, and 3ℏω. The response has been
modeled to the third order and combined with energy-resolved measurements. This result opens the
possibility to investigate the dynamics at surfaces of liquid solutions and provide information about the
electron emission process from a liquid.
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Photoelectron spectroscopy (PES) of liquids was first
introduced by Siegbahn and co-workers in the early 1970s
[1], but it is only recently that it really developed into a
routine technique thanks to the works of Faubel, Winter,
and their co-workers [2,3]. It was extended to the ultrafast
time domain by Suzuki and co-workers [4], Neumark and
co-workers [5], and Lübcke and co-workers [6,7] using
ultraviolet (< 10 eV) pulses, while Abel, Faubel, and their
co-workers [8,9] were the first to introduce the use of
ultrashort extreme ultraviolet (EUV) probe pulses produced
by high harmonic generation. In the latter experiments on
liquid water, short IR pulses were used to vibrationally
excite the liquid, and the authors studied the heating of
water over tens of picoseconds while the resolution of the
experiment was 0.5 ps. In the meantime, other groups have
started to implement ultrafast optical pump and PES probe
experiments using ultrashort EUV pulses [10–12] and
working towards measuring attosecond dynamics [13].
These developments, coupled with strong field laser pulses
used to pump the system under study, call for an under-
standing of the strong field physics occurring when the
pump laser field temporally overlaps the probe EUV pulse.
In time-resolved PES, the probe field maps the electron

distribution of the system under study onto a detector via
photoemission. A pump pulse perturbs the system which
can take the form or combination of a change in the ground
state electron configuration [14,15], a change to the local
potential of the environment (charging) [16], or a dressing
of the emitted photoelectrons by the pump laser field [17].
When the source of photoelectrons has a duration (i.e.,
either the probe pulse temporal width or lifetime of the
observed state) that is longer than the half-cycle duration
of the dressing field and a monochromatic probe source is
used, a phenomenon called the laser-assisted photoelectric
effect (LAPE) can occur, which manifests itself as a
redistribution of the emitted photoelectrons energies into

sidebands of the unperturbed spectrum. This effect has
previously been observed in the gas phase [18,19] and
from solid surfaces [20,21]. Murnane and co-workers [22]
used it to extract the lifetime of core-excited levels of an
adsorbate by mapping the LAPE from the substrate Pt(111)
with the Auger decay process from an absorbed Xe atom.
Reported here for the first time is the observation of the
LAPE from electrons emitted from a liquid-vacuum
interface.
For a molecular system, the energy redistribution of

emitted photoelectrons can be described as

Sþ þ e†←γ þ Sþ ℏω; ð1Þ

where S is the neutral molecule, Sþ is the molecular ion, γ
is an EUV photon, ℏω is the dressing or pump laser field
photon energy, and e† is an electron with kinetic energy
given by

e† ¼ e0 � jℏω; ð2Þ

where j ¼ 0; 1; 2; 3;… and e0 is an electron with kinetic
energy given by the ionization process in the absence of the
pump laser field. In the presence of a strong laser field, the
photoemitted electron populates a Volkov state [23] in
the continuum and is unaffected by the molecular potential.
The interaction of this electron with the dressing field
manifests itself as an exchange of photons as the electron
changes levels in the continuum, producing sidebands in
the collected photoelectron spectrum. The sidebands
appear at both higher and lower electron kinetic energy
owing to the absorption and emission of j dressing field
photons, respectively. The amplitude of the sidebands αj is
given by [23]

αj ¼ J2jðxÞ; ð3Þ
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where Jj is an ordinary Bessel function of the first kind
whose order j is determined by the number of photons
exchangedwith the dressing field. The argument x is equal to

x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

16πκIEkin

meℏω4

s

; ð4Þ

where κ is the fine structure constant, I is the dressing laser
field intensity, and Ekin is the photoelectron kinetic energy
[24]. Under the experimental conditions here, the amplitude
αj is proportional to the dressing field intensity, the photo-
electron kinetic energy, and the dressing field wavelength to
the fourth power.
The measurements reported here were performed with

the Harmonium EUV light source of the Lausanne Centre
for Ultrafast Science. A detailed description of the source
and experimental setup is given in Ref. [10]. Briefly, a
35.6 eV (FWHM≃ 0.2 eV), 140 fs (FWHM) pulse was
spatially and temporally overlapped with a 1.55 eV, 45 fs
(FWHM) laser pulse delivering 4 × 1011 W=cm2 on an
18 μm diameter liquid microjet positioned ∼300 μm in
front of a time-of-flight electron spectrometer designed for
liquids [25]. The temporal delay between the EUV and the
1.55 eV fields was scanned in steps of 10 fs from −230 to
þ270 fs (0 fs taken as the overlap of the pulse envelope
maxima). A photoelectron spectrum was collected in
60 000 laser shots at each time delay.
Figure 1(b) shows the time-resolved PE measurement,

i.e., the binding energy spectrum as a function of time.
Photoelectron spectra at t¼−230 fs (black curve), t ¼ 0 fs
(green curve), and t ¼ 270 fs (red curve) are displayed in
Fig. 1(a), showing the extent of the spectral intensity
redistribution from t ¼ −230 fs to t ¼ 0 fs. Because of
evaporation of water molecules, the photoelectron

spectrum contains overlapping contributions from both
liquid and gas phases, separated by ∼1.5 eV predominantly
due to the Gibbs free energy of solvation [3]. The relative
contributions of the liquid and gas phase for the spectra in
Fig. 1 were 70% liquid and 30% gas. Immediately clear
from Fig. 1(a) is the redistribution of the photoelectron
spectral intensity in the vicinity of zero time delay between
the 35.6 and 1.55 eV pulses. Most notable is the increase in
intensity between 7 and 10 eV, and to a lesser extent
between 15 and 17 eVand 20 and 23 eV, accompanied by a
decrease in the intensity of all the water PE bands, i.e.,
between ∼10 and 20 eV. After the short-lived perturbation
(∼150 fs), the spectral intensity returns to the unperturbed
distribution, as shown by the red curve at t ¼ 270 fs.
Population of a short-lived excited state by the pump

field is unlikely under these conditions: The excited state
population would be small given the absorption cross
section of liquid water at 800 nm (3 × 10−24 cm2 [26]
producing an ∼10−4 excited population) and would not
account for the ∼20% intensity change of the 1b1 orbital
[Fig. 1(a)].
The redistribution observed in Fig. 1 would be expected

from the interaction of the dressing laser field with the
photoemitted electron in a Volkov state of the continuum.
In other words, what is observed at t ¼ 0 fs is the partial
redistribution of the spectral intensity of the unperturbed
spectrum into sidebands. To confirm this interpretation, the
redistribution was modeled with the following response
function and was fitted by a genetic algorithm (GA) to the
photoelectron spectrum at t ¼ 0 fs:

NðE−E0Þ ¼
1−2α1−2α2−2α3

ffiffiffiffiffiffiffiffiffiffi

2πσ2
p exp½ðE−E0Þ2=2σ2�

þ
X

j¼1;2;3

�

�

αj
ffiffiffiffiffiffiffiffiffiffi

2πσ2
p exp½ðE−E0� jℏωÞ2=2σ2�

�

;

ð5Þ
where ℏω is the dressing field photon energy, α1;2;3 are the
amplitudes of the first-, second-, and third-order sidebands,
σ � 2.355 is the FWHM bandwidth of the dressing field,
and E0 is the photoelectron energy in the absence of the
LAPE. The fitting parameters of the GA were ℏω, σ, and
α1. Using Eq. (3), the corresponding values of the second-
and third-order Bessel functions were calculated from the
value of α1. The optimization was performed by minimiz-
ing the square of the residuals between a convolution of the
function in Eq. (5) with the spectrum at t ¼ −230 fs and
the spectrum at t ¼ 0 fs.
The space charge produced when the pump field has

sufficient intensity to ionize the target has been observed to
shift the collected photoelectron kinetic energy [11] and
was accounted for with an additional space charge correc-
tion term in the GA.
The result of the optimization is shown in Fig. 2(a), where

the convoluted signal follows the shift and magnitude of the

FIG. 1. (a) Photoelectron spectrum of water at t ¼ −230 fs
(black curve), t ¼ 0 fs (green curve), and t ¼ 270 fs (red curve).
The first PE bands of water are shown with assigned molecular
orbitals (subscript l refers to the liquid phase, subscript g to the
gas phase, and no subscript to liquid and gas phase). (b) Evolution
of the photoelectron spectrum as a function of the laser-pump or
EUV probe time delay. The pump is at 1.55 eV with an intensity
of 4 × 1011 W=cm2.
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signal at t ¼ 0 fs. The optimized values in Eq. (5) were
ℏω ¼ 1.55 eV, σ¼ 0.02 eV, and the amplitude α1 ¼ 0.263,
giving α2;3 as 0.0301 and 0.0014, respectively. The space-
charge-induced energy shift between the spectrum at
t ¼ −230 fs and t ¼ 0 fs was 0.09 eV, and the fitted values
of ℏω and σ are consistent with the central wavelength and
bandwidth of the IR dressing field. The fitted LAPE response
function for liquid and gas phasewater is plotted in Fig. 2(b),
showing the redistribution of detected photoelectrons from
the unperturbed spectrum into three orders of symmetrical
sidebands.
There is good agreement between the convoluted curve

and the signal at t ¼ 0 fs confirming the presence of the
LAPE. The retrieved value of α1 ¼ 0.263 is in remarkably
good agreement with the value given by Eqs. (3) and (4) of
0.267 using the experimental parameters of dressing field
intensity, I ¼ 4 × 1011 W=cm2 and the average photoelec-
tron kinetic energy Ekin ¼ 20.4 eV. This interpretation is
further evidenced by the cross-correlation signal shown in
the inset in Fig. 2(a) with a FWHM of 150 fs. For the
dressing laser field intensities and photoelectron kinetic
energies under these experimental conditions, the cross-
correlation signal is linear with intensity [24]. As the LAPE
occurs only in the presence of the two pulses, the FWHM
of the measured cross-correlation signal should agree with
the experimental parameters. Given a FWHM of 45 fs of
the dressing laser field, the cross-correlation signal gives a
FWHM of the EUV pulse of 143 fs, consistent with the
monochromator temporal response [10].
Using a different approach, the liquid and gas phase

sideband nature of the response was investigated by fitting
Gaussian peaks to the spectrum at t ¼ 0 fs. To reduce the
permutations possible and to provide a conclusive fit, the
spectral region investigated was limited to below 13 eV.
This region contains the 1b1 gas and liquid orbitals (centred
at 12.6 and 11.2 eV, respectively) with their associated

sidebands resulting from the absorption of j ¼ 1 and j ¼ 2
dressing field photons as well as the first sideband from an
emission (j ¼ −1) of a photon associated with the 1b1
liquid orbital. Seven Gaussians were fitted, with a con-
straint that the width of sidebands from a given orbital were
equal. The fitted Gaussians are shown in Fig. 3 (Gaussians
for the 1b1 gas and liquid orbitals are omitted from the
figure for clarity). The ratios of the first- and second-order
sideband heights for the liquid and gas phase (0.12 and
0.13) match the ratio of α1=α2 ¼ 0.12 found by the GA
approach well.
The close agreement between the two approaches

(Gaussian fitting and convolution) is significant. While
the convolution approach combines both the liquid and gas
phase LAPE response, the use of Gaussians separates the
two. The agreement between both methods and the ratio of
the liquid and gas phase sidebands suggests that the LAPE
response of the two phases is very similar. For the photon
energies used here, the photoemission from the liquid
with 35.6 eV is limited to, or very close to, the surface
(∼1 nm depth) due to a short inelastic mean free path of the
photoelectron [27]. As such, photoelectrons from the liquid
phase will be exposed to a very similar electric field
strength from the dressing laser field as for the gas phase.
The observation of the LAPE from liquids reported here

raises a certain number of issues. The dominance of the
LAPE in perturbing the photoelectron signal around time
zero when the sample is pumped with an ultrashort laser
field offers an in situ laser or EUV cross-correlation. This
will be particularly useful for photoinduced transitions
occurring on a time scale longer than the cross-correlation.
For experiments at a high time resolution, it could be used
to study interfacial effects such as demonstrated for
adsorbates on solids by Murnane and co-workers [22].

(a) (b)

FIG. 2. (a) Black dashed curve: Photoelectron spectrum of
liquid and gas phase water at t ¼ −230 fs; green curve: photo-
electron spectrum at t ¼ 0 fs; blue curve: convolution of the
black dashed curve and Eq. (5) including the space charge
correction (0.09 eV). Water orbitals are labeled as in Fig. 1. Inset:
Integrated photoelectron counts between 9.3 and 9.7 eV with a
FWHM of 150 fs. (b) LAPE response function plotted with the
fitted values of ℏω, α1;2;3, and σ given by a genetic algorithm.
See the text for details.

FIG. 3. Sidebands obtained from the Gaussian fit. The first-
order sidebands are shown in orange and the second-order are
shown in yellow. Red dashed curve: Sum of sidebands and the
unperturbed water PE bands. Green curve: Photoelectron spec-
trum measured at zero time delay between the EUV and 1.55 eV
pulses.
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In this respect, simulations have shown that liquid surfaces
of halide salt solutions have a higher concentration of
halide; the heavier it is, the higher [28]. In a similar fashion
to Ref. [22], this suggests the possibility to measure core-
level relaxation dynamics occurring in solvated species
near the interface.
In this study, momentum conservation during photon

exchange has not been considered, and, as with surfaces,
any change in the final electron energy would likely be
small and below the energy resolution of the detection
system [24]. However, the observation of the LAPE from
liquid surfaces opens the possibility to investigate the
phenomena with angular-resolved electron detection and
could provide insights into the electron emission process
from solutes and solvents. In a similar vein, the photo-
emitted electron in a liquid will undergo scattering events
with other molecules where a photon exchange with the
field will be possible. This may impart information in the
observed sidebands about these scattering events, similar to
the use of a recolliding electron as a probe of molecular
potentials and ionization [29,30].
On the other hand, the intensity redistribution of the PE

spectrum from the LAPE may mean the spectral features of
the system under study may be blurred. Since αj in Eq. (3)
scales as λ4, this implies that the pump laser wavelength has
to be appropriately chosen. Luckily, in most photoinduced
phenomena of solutes in solutions, shorter pump wave-
lengths are used. Finally understanding the effect allows the
perturbation to be quantified and will permit the underlying
electronic or vibrational perturbations evolving on a time
scale similar to the pump and probe cross-correlation to be
deconvoluted from the collected signal. As shown here, this
can be done with high reliability when the experimental
parameters of the dressing field are known.

Funding from NCCR MUST and R’EQUIP Proposal
No. 206021_145057 of the Swiss NSF is acknowledged.
J. G. acknowledges support by the European Research
Agency via the FP-7 PEOPLE Program (Marie Curie
Action 298210).

*christopher.arrell@epfl.ch
†majed.chergui@epfl.ch

[1] H. Siegbahn and K. Siegbahn, J. Electron Spectrosc. Relat.
Phenom. 2, 319 (1973).

[2] M. Faubel, B. Steiner, and J. P. Toennies, J. Chem. Phys.
106, 9013 (1997).

[3] B. Winter, R. Weber, W. Widdra, M. Dittmar, M. Faubel,
and I. V. Hertel, J. Phys. Chem. A 108, 2625 (2004).

[4] Y. Tang, H. Shen, K. Sekiguchi, N. Kurahashi, T. Mizuno,
Y. Suzuki, and T. Suzuki, Phys. Chem. Chem. Phys. 12,
3653 (2010).

[5] A. T. Shreve, T. A. Yen, and D. M. Neumark, Chem. Phys.
Lett. 493, 216 (2010).

[6] A. Lübcke, F. Buchner, N. Heine, I. V. Hertel, and T.
Schultz, Phys. Chem. Chem. Phys. 12, 14629 (2010).

[7] F. Buchner, B. Heggen, H.-H. Ritze, W. Thiel, and
A. Lübcke, Phys. Chem. Chem. Phys. 17, 31978 (2015).

[8] O. Link, E. Lugovoy, K. Siefermann, Y. Liu, M. Faubel, and
B. Abel, Appl. Phys. A 96, 117 (2009).

[9] T. Gladytz, B. Abel, and K. R. Siefermann, Phys. Chem.
Chem. Phys. 17, 4926 (2015).

[10] J. Ojeda, C. A. Arrell, J. Grilj, F. Frassetto, L. Mewes, H.
Zhang, F. v. Mourik, L. Poletto, and M. Chergui, Struct.
Dyn. 3, 023602 (2016).

[11] R. Al-Obaidi, M. Wilke, M. Borgwardt, J. Metje,
A. Moguilevski, N. Engel, D. Tolksdorf, A. Raheem, T.
Kampen, S. Mähl, I. Y. Kiyan, and E. F. Aziz, New J. Phys.
17, 093016 (2015).

[12] A. Kothe, J. Metje, M. Wilke, A. Moguilevski, N. Engel, R.
Al-Obaidi, C. Richter, R. Golnak, I. Y. Kiyan, and E. F.
Aziz, Rev. Sci. Instrum. 84, 023106 (2013).

[13] I. Jordan, M. Huppert, M. A. Brown, J. A. v. Bokhoven, and
H. J. Wörner, Rev. Sci. Instrum. 86, 123905 (2015).

[14] A. Assion, M. Geisler, J. Helbing, V. Seyfried, and T.
Baumert, Phys. Rev. A 54, R4605 (1996).

[15] M. T. Zanni, V. S. Batista, B. J. Greenblatt, W. H. Miller, and
D.M. Neumark, J. Chem. Phys. 110, 3748 (1999).

[16] S. Passlack, S. Mathias, O. Andreyev, D. Mittnacht, M.
Aeschlimann, and M. Bauer, J. Appl. Phys. 100, 024912
(2006).

[17] J. M. Schins, P. Breger, P. Agostini, R. C. Constantinescu,
H. G. Muller, G. Grillon, A. Antonetti, and A. Mysyrowicz,
Phys. Rev. A 52, 1272 (1995).

[18] T. E. Glover, R. W. Schoenlein, A. H. Chin, and C. V.
Shank, Phys. Rev. Lett. 76, 2468 (1996).

[19] J. M. Schins, P. Breger, P. Agostini, R. C. Constantinescu,
H. G. Muller, G. Grillon, A. Antonetti, and A. Mysyrowicz,
Phys. Rev. Lett. 73, 2180 (1994).

[20] L. Miaja-Avila, C. Lei, M. Aeschlimann, J. L. Gland, M. M.
Murnane, H. C. Kapteyn, and G. Saathoff, Phys. Rev. Lett.
97, 113604 (2006).

[21] Y. H. Wang, H. Steinberg, P. Jarillo-Herrero, and N. Gedik,
Science 342, 453 (2013).

[22] L. Miaja-Avila, G. Saathoff, S. Mathias, J. Yin, C.
La-o-vorakiat, M. Bauer, M. Aeschlimann, M. M. Murnane,
and H. C. Kapteyn, Phys. Rev. Lett. 101, 046101
(2008).

[23] L. B. Madsen, Am. J. Phys. 73, 57 (2005).
[24] G. Saathoff, L. Miaja-Avila, M. Aeschlimann, M.M.

Murnane, and H. C. Kapteyn, Phys. Rev. A 77, 022903
(2008).

[25] C. A. Arrell, J. Ojeda, M. Sabbar, W. A. Okell, T. Witting,
T. Siegel, Z. Diveki, S. Hutchinson, L. Gallmann, U. Keller,
F. v. Mourik, R. T. Chapman, C. Cacho, N. Rodrigues,
I. C. E. Turcu, J. W. G. Tisch, E. Springate, J. P. Marangos,
and M. Chergui, Rev. Sci. Instrum. 85, 103117 (2014).

[26] S. G. Warren, Appl. Opt. 23, 1206 (1984).
[27] Y.-I. Suzuki, K. Nishizawa, N. Kurahashi, and T. Suzuki,

Phys. Rev. E 90, 010302 (2014).
[28] P. Jungwirth and D. J. Tobias, J. Phys. Chem. B 105, 10468

(2001).
[29] M. Lein, J. Phys. B 40, R135 (2007).
[30] H. Niikura, F. Légaré, R. Hasbani, A. D. Bandrauk, M. Y.

Ivanov, D. M. Villeneuve, and P. B. Corkum, Nature
(London) 417, 917 (2002).

PRL 117, 143001 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

30 SEPTEMBER 2016

143001-4

http://dx.doi.org/10.1016/0368-2048(73)80023-4
http://dx.doi.org/10.1016/0368-2048(73)80023-4
http://dx.doi.org/10.1063/1.474034
http://dx.doi.org/10.1063/1.474034
http://dx.doi.org/10.1021/jp030263q
http://dx.doi.org/10.1039/b925741a
http://dx.doi.org/10.1039/b925741a
http://dx.doi.org/10.1016/j.cplett.2010.05.059
http://dx.doi.org/10.1016/j.cplett.2010.05.059
http://dx.doi.org/10.1039/c0cp00847h
http://dx.doi.org/10.1039/C5CP04394H
http://dx.doi.org/10.1007/s00339-009-5179-1
http://dx.doi.org/10.1039/C4CP05171H
http://dx.doi.org/10.1039/C4CP05171H
http://dx.doi.org/10.1063/1.4933008
http://dx.doi.org/10.1063/1.4933008
http://dx.doi.org/10.1088/1367-2630/17/9/093016
http://dx.doi.org/10.1088/1367-2630/17/9/093016
http://dx.doi.org/10.1063/1.4791792
http://dx.doi.org/10.1063/1.4938175
http://dx.doi.org/10.1103/PhysRevA.54.R4605
http://dx.doi.org/10.1063/1.478264
http://dx.doi.org/10.1063/1.2217985
http://dx.doi.org/10.1063/1.2217985
http://dx.doi.org/10.1103/PhysRevA.52.1272
http://dx.doi.org/10.1103/PhysRevLett.76.2468
http://dx.doi.org/10.1103/PhysRevLett.73.2180
http://dx.doi.org/10.1103/PhysRevLett.97.113604
http://dx.doi.org/10.1103/PhysRevLett.97.113604
http://dx.doi.org/10.1126/science.1239834
http://dx.doi.org/10.1103/PhysRevLett.101.046101
http://dx.doi.org/10.1103/PhysRevLett.101.046101
http://dx.doi.org/10.1119/1.1796791
http://dx.doi.org/10.1103/PhysRevA.77.022903
http://dx.doi.org/10.1103/PhysRevA.77.022903
http://dx.doi.org/10.1063/1.4899062
http://dx.doi.org/10.1364/AO.23.001206
http://dx.doi.org/10.1103/PhysRevE.90.010302
http://dx.doi.org/10.1021/jp012750g
http://dx.doi.org/10.1021/jp012750g
http://dx.doi.org/10.1088/0953-4075/40/16/R01
http://dx.doi.org/10.1038/nature00787
http://dx.doi.org/10.1038/nature00787

