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Abstract: Laboratory-based coherent light sources enable a wide range of applications to
investigate dynamical processes in matter. High-harmonic generation (HHG) from liquid samples
is a recently discovered coherent source of extreme-ultraviolet (XUV) radiation potentially
capable of achieving few-femtosecond to attosecond pulse durations. However, the polarization
state of this light source has so far remained unknown. In this work, we characterize the degree of
polarization of both low- and high-order harmonics generated from liquid samples using linearly
polarized 400 nm and 800 nm drivers. We find a remarkably high degree of linear polarization of
harmonics ranging all the way from the deep-ultraviolet (160 nm) across the vacuum-ultraviolet
into the XUV domain (73 nm). These results establish high-harmonic generation in liquids as a
promising alternative to conventional sources of XUV radiation, combining the benefits of high
target densities comparable to solids with a continuous sample renewal that avoids the limitations
imposed by laser-induced damage.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Coherent light sources in the extreme-ultraviolet spectral range have become a popular tool to
investigate fundamental properties of matter. They have enabled remarkable discoveries across
many scientific fields [1–6]. Yet, the majority of those sources are embedded in large-scale
research facilities such as free-electron laser or synchrotron facilities. Recent advances in
high-harmonic generation provide an alternative avenue towards coherent XUV light sources
which can be realized in the laboratory-based environment [7–12]. Moreover, HHG is inherently
delivering few-femtosecond to attosecond pulse durations, thereby opening unique possibilities to
investigate dynamical processes with unprecedented time resolution in addition to the selectivity
provided by the XUV to soft-X-ray wavelengths.

Since the early pioneering work [13,14], HHG from gas targets has evolved into a widespread
laboratory-based source of XUV radiation to study chemical dynamics in real time. A main
disadvantage of the conventionally used gas targets is their low photon flux. Development of
HHG from solids [15–20] has overcome this limitation by providing higher conversion efficiency
[21]. However, laser-induced damage of the solid target limits the repetition rate and incident laser
intensity, thus restricting their practical significance as light sources. Liquid samples combine
the advantages of gaseous and solid HHG targets, i.e. they merge continuous sample renewal
with high target densities, potentially achieving higher photon fluxes.

Early work by DiChiara et al. [22] reported harmonic generation limited to the visible
spectral range from liquid H2O and D2O by mid-IR lasers using a 27 cm long fluid column. One
experimental challenge in extending this work to the XUV was the creation of a stable liquid
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sheet in a vacuum environment. The field of liquid-phase HHG has been enabled by the recent
development of the flat-jet technique [23–26]. This allows one to deliver a liquid sample into a
vacuum environment in the form of a thin sheet of liquid; both of these conditions are essential
for a successful detection of high harmonics in the XUV spectral range. Recently, the first
experimental demonstration of XUV harmonics from liquids has been realized by Luu et al. [26],
with its recent extension to the regime of few-cycle drivers [27]. However, the polarization state
of these harmonics has remained unknown so far.

Here, we describe the first polarization measurements of high harmonics from liquids. We
studied water and alcohols (ethanol and 2-propanol) at two different driving wavelengths (400 nm
and 800 nm) and different linear polarization configurations (either s or p). A four-mirror
rotating in-vacuum XUV polarizer is used to characterize the polarization state of the emitted
harmonics from the deep-ultraviolet (DUV) (160 nm) into the XUV (73 nm). Our measurements
reveal a remarkably high degree of polarization, i.e. larger than about 95% in all studied
cases. This observation is similar to HHG in atomic gases driven by linearly polarized laser
fields, where no evidence of depolarization was found [28–30]. However, it contrasts with
the observation of significant depolarization in HHG from atomic clusters [31]. Experimental
evidence of depolarization has also been found in polarization measurements of HHG emitted
from solid samples [32]. The origin of the effect was attributed to intraband dynamics, but
it was mentioned that other mechanisms may contribute to depolarization as well [32]. The
experimental observations of depolarization in clusters [31] and solids [32] therefore raises the
interesting question whether or to what extent HHG emission from liquid samples is depolarized.

This paper is organized as follows: Section 2 describes the experimental setup and the
data-acquisition procedure. Section 3 presents the results of the polarization measurement and
discusses the main experimental observations in terms of the molecular character of the liquids
and the effect of the flow rate. The conclusions are presented in Section 4. The appendix
introduces the metrics of the polarization measurements using the four-mirror polarizer.

2. Experimental setup

Polarization measurements were conducted with multi-cycle laser pulses centered at 800 nm or
400 nm, generating high-order harmonics from water, ethanol and 2-propanol. In the experiment,
schematically depicted in Fig. 1, laser pulses from an amplified titanium:sapphire system with
a duration of around 30 fs and a 1 kHz repetition rate were used. In the case of the 800 nm
driver, the input beam was passed through a zero-order optically-contacted half-wave plate (λ/2,
EKSMA Optics) centered at 800 nm with an anti-reflection (AR) coating to set the polarization
of the input beam to be either s- or p-polarized. The linear polarization of the input beam
was measured to be |S1 | ≥ 0.99 following a rotating quarter-wave-plate method described by
Schaefer et al. [33] using a Glan-Taylor polarizing cube with an extinction ratio of 105:1 and a
zero-order optically-contacted quarter-wave plate (λ/4) centered at 800 nm with an AR coating.
After the half-wave plate, the input beam was focused using a silver-coated spherical concave
mirror (f = 400 mm) and was coupled into an interaction chamber through a 1-mm-thick UV
fused-silica window. A pulse energy of 0.8 mJ was measured in front of the vacuum chamber. In
the case of the 400 nm driver, the p-polarized input beam was frequency-doubled in a 300 µm
thick β-barium borate (BBO) crystal with 20 % conversion efficiency to get 0.16 mJ s-polarized
400 nm pulses. Afterwards, the beam passed a zero-order AR-coated optically-contacted λ/2
plate centered at 400 nm. The linear polarization of the beam was measured to be be |S1 | ≥ 0.98
using the same method as in the 800 nm case. The 400 nm beam was focused by an aluminium
spherical concave mirror (f = 400 mm) through the same window as in the 800-nm case.

The interaction chamber hosted a custom-built flat-jet setup. A pair of glass nozzles (∼ 50 µm
orifice diameter) formed a liquid sheet with ∼ 1 µm thickness [26]. The sheet was oriented such
that its normal vector was parallel to the input beam. The liquid from the flat jet was collected in
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Fig. 1. Schematic drawing of the experimental setup. An input beam (either 800 nm or
400 nm) was focused into the interaction chamber hosting a flat-jet setup (formed by colliding
two cylindrical jets emanating from 50 µm glass nozzles). High harmonics were generated
by focusing the input beam on the thin (∼ 1 µm) liquid sheet and were further propagated to
a spectrometer chamber through a pinhole. The polarization state of individual harmonics
was analyzed by a four-mirror rotating polarizer placed before a diffraction grating. The
diffracted harmonics were detected using a combination of a position-sensitive detector
(MCP) and a CCD camera (not shown).

a cold trap placed ∼20 cm downstream of the liquid sheet to maintain the vacuum necessary for
negligible absorption of the generated XUV light.

The high-harmonic radiation entered the spectrometer chamber through a small pinhole
allowing for differential pumping between the interaction and spectrometer chambers. The
resulting pressure difference was at least two orders of magnitude. The spectrometer chamber
hosted a four-mirror rotating in-vacuum polarizer, a diffraction grating, and a micro-channel-plate
(MCP) detector backed with a phosphor screen. The polarizer was placed in front of the diffraction
grating and allowed for an analysis of the Stokes parameters S0, S1, and S2 of the individual
harmonics (their definition is given in the Appendix). It consisted of four unprotected gold
mirrors, each mounted at a grazing angle of incidence of 20°. The four mirrors were mounted on
a common plate that could be rotated around the axis of the incoming beam by a stepper motor,
reaching a nominal angular resolution of 0.07°. For additional details about the polarizer, see
Ref. [20]. The commercial diffraction grating (Shimadzu 30-006, 300 lines/mm, 3° incidence
angle) diffracted individual harmonics onto the position-sensitive MCP detector read out by an
optical charge-coupled-device (CCD) camera.

A polarization measurement typically consisted of 540 steps (2°/step) evenly distributed over
three full rotations of the polarizer. For each step, ten images were recorded with an integration
time of 10 ms. These images were averaged and the static background was subtracted prior to
further analysis. The Stokes parameters for each harmonic were analyzed using Eq. (5) (see
Appendix) and the degree of polarization was calculated using Eq. (6). Since one polarizer
is not enough to obtain the Stokes parameter S3, we are not able to directly characterize any
contribution of unpolarized harmonic radiation. However, the measured extinction ratio for all
harmonics was always consistent with the one calculated for our polarizer. Thus, no evidence of
depolarization has been observed.
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3. Results and discussion

We investigated the polarization state of the harmonics generated from three different liquids:
water, ethanol, and 2-propanol, to study the possible influence of their different electronic
structures on the HHG process. We moreover compared 800 nm and 400 nm driving laser pulses
to look for possible differences in the polarization state of the high harmonics that could be
expected to appear as a consequence of varying relative contributions from different mechanisms.
We also studied the influence of the flow rate on the polarization of high harmonics because an
increase in the flow rate leads to a stretching of the flat sheet in both the vertical and horizontal
directions, which changes the small, but non-vanishing curvature of the sheet. Finally, we
compared the effect of s- and p-polarized driving pulses because the curvature of the flat sheet is
stronger along the horizontal than along the vertical direction. In the remainder of the paper,
s-polarized means a polarization direction parallel to the flow direction of the flat jet, see Fig. 1.

Exemplary data are shown in Fig. 2 for the s-polarized 800 nm driver and liquid water (flow
rate of 5.3 mL/min). Panel A shows an image recorded for 10 ms at the polarizer angle α = 0◦
which should correspond to the intensity maximum of s-polarized harmonics as follows from
Eq. (5). The image shows four strong harmonics (H5 - blue, H7 - red, H9 - yellow, and H11 -
purple) and two much weaker harmonics (H13 and H15). The low-energy part of the image
shows three additional weak signals, corresponding to harmonics (H7, H9, and H11, labelled 1,
2, and 3, respectively) observed in the second diffraction order (m = 2) of the grating.

Panel B is a false-color representation of a polarization scan in which each horizontal line
was obtained by integration of the signal from the camera image at a given angle along the
vertical direction. The angle of the polarizer α is changed from −360° to 720° in 2° steps. All
harmonics showed similar behaviour when the polarizer was rotated, meaning that they had
similar polarization states. The intensity change with polarizer angle has a regular pattern of
alternating intensity maxima and minima with one of the intensity maxima at α = 0◦ and the
period of (180±2)°. Following Eq. (5), this pattern is characteristic of s-polarized light. Our
results thus show that an s-polarized driver leads to s-polarized harmonics. In the remaining
analysis, we only focus on the strongest harmonics (H5, H7, H9, and H11) and refer to them as
main harmonics.

In panel C, integrated intensities of the main harmonics are plotted as functions of the polarizer
angle α. The intensity maxima and minima are clearly visible with a high contrast ratio lying
between 50 and 190, depending on the harmonic order. The fluctuation of the intensity maxima,
expressed as a relative deviation, is about 4 %, reflecting a high stability of the flat jet over the
entire polarization scan.

Panel D summarizes two methods used to calculate the degree of polarization of each main
harmonic. In a simple approach (black), the intensity maxima and minima from panel C can be
used. Following Höchst et al. [34], the degree of polarization can be defined as

DP,simple =
Imax − Imin
Imax + Imin

, (1)

where Imax and Imin are the intensity maximum and minimum for a given harmonic order,
respectively. For all main harmonics, high values of the degree of polarization DP,simple ≥ 0.97
are obtained. This is a reflection of the high contrast ratio as visible from panel C.

A more elaborate approach (blue line) defines the degree of polarization as in Eq. (6) via the
evaluation of the Stokes parameters according to Eq. (5). In this approach, an error of the degree
of polarization can be calculated using the error propagation law from the standard errors of the
Stokes parameters S0, S1, and S2 obtained from the non-linear fit to the intensity profiles in panel
C.

The two approaches give consistent results. Both of them predict a high degree of polarization
of the main harmonics; however the simple approach (black line) provides consistently lower
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Fig. 2. Exemplary polarization measurement. Data are for harmonics generated in liquid
water with an s-polarized 800 nm driving field. Panel A shows a camera image with several
harmonics at one particular angle of the polarizer. Harmonics diffracted into the second
order (m = 2) of the grating are indicated by red numbers (1, 2, and 3). Panel B represents a
polarization scan in which each horizontal line corresponds to a harmonic spectrum at a
given polarizer angle. Panel C is a plot of integrated intensities of the harmonics H5, H7, H9,
and H11 as a function of the polarizer angle. Panel D presents the results of two approaches
to analyze the degree of polarization of selected harmonics. For more details, see the main
text.

degrees of polarization due to its sensitivity to intensity fluctuations. The approach based on
the evaluation of Stokes parameters (blue line) gives almost completely linearly polarized main
harmonics, DP ≈ 1.

The Stokes parameters for the main harmonics are summarized in Table 1 as well as the
resulting degree of polarization. All main harmonics are almost perfectly s-polarized with
Stokes parameters |S1 | ≥ 0.995 and a negligibly small contribution of Stokes parameter S2. This
confirms that the s-polarized driver generates s-polarized harmonics in the liquid. In addition,
the degree of polarization does not appear to depend on the harmonic order, at least within the
studied energy range between 7.8 eV and 17.1 eV.

So far, we have been discussing one particular case of high harmonics generated from liquid
water using a s-polarized 800 nm driver. To get deeper insight into the polarization of high
harmonics generated in liquids, it is instructive to study several effects which may play a role.
In particular, we have focused on: a) the driver wavelength (400 nm or 800 nm), b) a different
polarization (s or p) of the driver, c) different liquids, and d) the flow rate of the flat jet.

We first discuss the effect of a different polarization (s or p) of the 800 nm driver. The resulting
degrees of polarization based on the Stokes parameters for individual main harmonics generated
in liquid water (flow rate 4.5 mL/min) are summarized in Fig. 3 in green. Panels A and B show
the degree of polarization for p- and s-polarized 800 nm drivers, respectively. In both cases, the
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Table 1. The Stokes parameters and the degree of
polarization for the main harmonics generated from liquid

water using s-polarized 800 nm driver. HO stands for harmonic
order, S0, S1, and S2 are the Stokes parameters, and DP is the

degree of polarization with its standard error (2σ) .

Water (l), s-polarized 800 nm driver

HO Photon energy (eV) S0 S1 S2 DP

5 7.8 1 -0.995 0.052 0.997±0.001

7 10.9 1 -0.997 0.013 0.997±0.001

9 14.0 1 -0.996 -0.083 1.000±0.001

11 17.1 1 -0.996 -0.066 0.999±0.001

main harmonics are almost perfectly linearly polarized with DP ≈ 1, adopting the polarization
direction of the driver. This means that highly polarized harmonics can be prepared irrespective
of the linear polarization (s- or p-) of the 800 nm driver, at least in the energy range between 7.8 eV
and 17.1 eV. Similar results were obtained for the 400 nm driver, see the green lines in Fig. 3
panels C and D. This further extends the previous conclusion that highly polarized harmonics
from liquids can be prepared irrespective of the linear polarization (s vs. p) and wavelength
(800 nm vs. 400 nm) of the driver.

Fig. 3. Polarization state of harmonics generated from different liquids. Two different
liquids are compared: ethanol (purple) and water (green). The flow rates are selected such
that they provide the most stable flat jet. Panels A and B show the degree of polarization of
the main harmonics generated from a p- or s-polarized 800 nm driver, respectively. Panels C
and D show the same information for a 400 nm driver. For more details, see the main text.

Next, we discuss the effect of different liquids used to generate the harmonics. For a comparison,
ethanol and water have been selected, representing prototypical liquids with different chemical
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and physical properties. Figure 3 shows the results for 800 nm (panels A and B) and 400 nm
(panels C and D) drivers. The degree of polarization of the harmonics generated in ethanol
is slightly lower than of those generated in water, irrespective of the driver polarization or
wavelength, see panels A - D. However, the same harmonics generated in ethanol display a high
degree of polarization with DP ≥ 0.95 in all studied cases. Thus, we can conclude that the
polarization of the harmonics generated in liquids does not strongly depend on the nature of the
liquid (water vs. ethanol).

We now discuss the effect of the flow rate on the polarization of the harmonics. We have
performed these experiments only for ethanol and 2-propanol, since the liquid sheet of water is
only stable in a narrower range of flow rates compared to the selected alcohols. Figure 4 shows
the results for three different flow rates of ethanol (panels A and B) and 2-propanol (panels C and
D): 3.0 mL/min, 3.5 mL/min, and 4.5 mL/min; all of these flow rates form a stable liquid sheet
for both alcohols. Up to experimentally insignificant variations, the degree of polarization does
not depend on the flow rate of the liquid, at least for the two studied alcohols.

Fig. 4. Flow-rate dependence of the degree of polarization. Three different flow rates:
3.0 mL/min, 3.5 mL/min, and 4.5 mL/min are presented and compared for two liquids:
ethanol (purple) and 2-propanol (green). Panels A and C and panels B and D show the
degrees of polarization of the main harmonics generated from a p- or s-polarized 800 nm
driver, respectively. For more details, see the main text.

4. Conclusion

In the present work, we have performed polarization measurements of harmonics generated from
thin flat sheets of different liquids from the DUV into the XUV. In summary, we have investigated
several effects which may play a role in the harmonic-generation process and thus influence the
degree of polarization of these harmonics. In particular, we have measured three different liquids
(ethanol, 2-propanol, and water) using both s- or p-polarized 400 nm and 800 nm drivers and
have studied the effect of the flow rate on the polarization. Interestingly, our results show that all
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harmonics generated from liquids have a very high degree of polarization, reaching values close
to unity, and can be made both s- or p-polarized depending on the polarization of the driver. We
experimentally verified that the degree of polarization seems to be practically independent of the
nature of the liquid, as well as its flow rate, at least for the studied harmonic energies between
7.8 eV and 17.1 eV. Our results open a wide range of applications for these liquid-generated
harmonics since they provide a coherent and highly polarized light source in the DUV-XUV
range, which can be expected to become a promising alternative to traditional sources for
applications ranging from coherent diffractive imaging, over femto- and attosecond-time-resolved
spectroscopies to XUV coherence tomography.

Appendix: polarization measurements of XUV radiation

The polarization state of light can be characterized using the Stokes parameters forming a
vector S = (S0, S1, S2, S3)

T, where S0 describes the total intensity, S1 describes the linear s- or
p-polarized light, S2 describes the linear ±45◦ polarized light, and S3 describes the circularly
polarized light [33]. The simplest polarization measurement in the XUV spectral range can be
performed using a combination of a four-mirror polarizer and an intensity detector [34]. It can
be shown that the Stokes vector Sf for a beam exiting the polarizer is given as [35]

Sf = R(−α)MR(α)Si, (2)

where R(α) is the rotational matrix

R(α) =

⎛⎜⎜⎜⎜⎜⎜⎜⎝

1 0 0 0

0 cos(2α) sin(2α) 0

0 − sin(2α) cos(2α) 0

0 0 0 1

⎞⎟⎟⎟⎟⎟⎟⎟⎠
(3)

describing the rotation of the polarizer through angle α, M is the Müller matrix for the polarizer
[36,37]

M = 0.5
(︂
r2
p + r2

s

)︂
·

⎛⎜⎜⎜⎜⎜⎜⎜⎝

1 − cos(2ψ) 0 0

− cos(2ψ) 1 0 0

0 0 sin(2ψ) cos(∆) sin(2ψ) sin(∆)

0 0 − sin(2ψ) sin(∆) sin(2ψ) cos(∆)

⎞⎟⎟⎟⎟⎟⎟⎟⎠
, (4)

in which ∆ = δp − δs is the total phase retardation and ψ = arctan(rp/rs) depends on real
reflectances rp,s. Finally Si is the Stokes vector of the incident XUV light.

The detector is only measuring the intensity of the emerging beam as a function of the polarizer
angle. Assuming that the polarizer has a large reflectivity difference between s- and p-polarized
light, we can get the final form of the intensity function as

S0,f = 0.5(S0,i − S1,i cos(2α) − S2,i sin(2α)). (5)

Nevertheless, a combination of one polarizer and a detector is not sufficient to measure all
four Stokes parameters of the incident beam; but only the linear part of the Stokes vector
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S = (S0, S1, S2)
T. In such a situation, the degree of (linear) polarization is defined as [35]

DP =

√︂
S2

1,i + S2
2,i

S0,i
. (6)

If the Stokes parameters are normalized to unit intensity, the degree of polarization has values
between 0 ≤ DP ≤ 1 where DP = 1 signifies completely linearly polarized light.
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