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We demonstrate the characterization of the complete polarization state of broadband extreme-
ultraviolet radiation produced via high-harmonic generation in a gas target, measured with a
double-stage polarimeter and a reaction microscope. The ellipsometric parameters of the reflective
optics used in the polarimeter—meaning the extinction ratios and phase shift—were determined
simultaneously. The results serve as a basis for table-top extreme-ultraviolet polarimetric and ellip-
sometric measurements, allowing ultrafast studies of polarization-sensitive matter, which require
exact knowledge of the polarization state of the ionizing radiation.

1. Introduction

The continuous development and unique properties of coherent extreme-ultraviolet (XUV) light sources
have made them the most popular tool for the investigation of the fundamental symmetry and mag-
netization properties of matter [1-3]. One widespread method to produce such radiation is based on a
strongly nonlinear frequency up-conversion technique, called high-harmonic generation (HHG) of a fun-
damental laser field emitting ultrashort pulses [4, 5]. During HHG, the femtosecond-long laser pulses
are focused to a target material, which can be solid [6], liquid [7] or crystalline semiconductor material
[8]. However, the most commonly used target for HHG is gaseous [9], where laser pulses produce odd-
order high-harmonics of the driving laser field resulting in distinct frequency peaks in a broadband XUV
spectrum, and achieving attosecond duration temporal evolution [9]. A well-known feature of the pro-
cess is the inheritance of certain properties of the generating field, such as the spectral characteristics
[10-12] and the polarization state [13].

As XUV light sources are indispensable in studies of ultrafast processes happening on the attosecond
time scale, there has been a dire need for the complete characterization of their radiation [14-16]. For
example, measuring the flux or investigating the spectral features of an XUV source are routine charac-
terization steps before the utilization of their radiation. However, efforts to determine their polarization
state with transmissive polarization retarders encounters challenges due to the short attenuation length
and lack of birefringent materials in this wavelength range.

In recent decades, a large number of experimental techniques have been developed to determine the
exact polarization state of XUV light sources. One of these methods is based on the investigation of pho-
toelectron angular distributions (PADs) which strongly depend on the polarization state of the ionizing
electric field [17, 18]. To record and study such PADs, one of the most powerful tool is the COLd Target
Recoil Ion Momentum Spectrometer (COLTRIMS) Reaction Microscope (ReMi), called here briefly as
C-ReMi [19]. In addition, by recording PADs we are also able to track the radiation-induced charge
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migrations and chemical dynamics in real time, which shows the versatility of this equipment in the
research of ultrafast physical phenomena [20, 21].

Another technique to measure the polarization of the XUV radiation utilizes the sensitivity of the
reflection and refraction of the materials to the polarization state of incident electromagnetic fields [22].
XUV polarimeters take advantage of this effect, however, they can operate effectively only in reflection
geometry, as this radiation is significantly attenuated in a short propagation length in all the materials
known so far. An XUV polarimeter can be experimentally realized in several ways: mono-stage in a four-
mirror configuration [23], double-staged with three reflections [24, 25]. One can also extract inform-
ation about polarization with only one stage consisting of three mirrors [26, 27], although this latter
configuration is not sufficient to determine the full polarization ellipse like in the case of the setup at the
ELI Beamlines facility [28]. In addition, polarimeters are also used to measure the reflectance and ellip-
sometric parameters of different materials, but in this case the experimental conditions are the opposite:
the polarization state of the applied radiation is known, and the material response needs to be measured
[27, 29, 30]. Prior to such measurements, the characteristics of the polarimeter must be determined in
almost every case [31, 32]. To investigate the fundamental properties of the materials, the combination
of synchrotron radiation with reflectometers is the most widespread method [33-35].

Considering polarimetry, some research has focused on the simultaneous measurement of the polar-
ization state with different measurement techniques. Takahashi and co-workers conducted the first com-
parative study using a multilayer polarizer and a velocity imaging photoelectron analyzer [36]. With a
similar goal, the polarization state of only two harmonic orders produced in a liquid phase target was
investigated with a velocity map imaging spectrometer supported with a single-stage, four-reflection-
based polarimeter [37]. Furthermore, quasi-cw synchrotron radiation has also been characterized simul-
taneously with a double-stage, triple-reflection polarimeter and a C-ReMi device [38].

In this work, we present the complete reconstruction of different polarization states of a broadband
XUV source with a double-stage, three-reflection-based polarimeter (optical method), and in paral-
lel we determine the material constants of the reflective gold layers on the optics used in the polari-
meter. In addition, we measured the polarization ellipse of the broadband XUV radiation with C-ReMi
equipment (non-optical technique) in support of the results obtained with the polarimeter. With these
achievements, we extend spectroscopic ellipsometry—used in a wide frequency range [39]—to the XUV
using a table-top setup. This information is extremely important in the explosive development of semi-
conductor lithography [40] as well as in time- and angle-resolved photoelectron spectroscopy [41, 42],
which require well-characterized steering optics in this spectral region. By replacing one of the steering
optics in our polarimeter, any kind of reflective layer or bulk material can be characterized in a broad
photon energy range. Furthermore, the combination of high-resolution ellipsometry with pump-probe
capabilities of the beamline allows the validation of the Kramers—Kronig relations on the attosecond
time scale [43]. Additionally, the complex time-dependent polarization state of attosecond pulse trains
or an isolated attosecond pulse can also be determined [44—47], which is a prerequisite for the invest-
igation of chiral phenomena [48, 49] and magnetic circular dichroism [50, 51]. Simultaneously, time-
dependent chiro-optical processes can be studied in the ReMi with high momentum and time resolution
by detailed investigations of photoion and photoelectron fragments [50, 52]. Moreover, the measurement
of the complete polarization state can provide deeper insight into the atomic processes during harmonic
generation on the femtosecond time scale through attosecond spatial interferometry [53].

2. Methods

We used the Stokes formalism for the description of the polarization state of radiation [54, 55], about
which more details can be found in section 1 of Supplementary Material (SM). Here we only note that
the retrieved quantities are the normalized Stokes parameters (S;, S, S3), as they unequivocally describe
the complete polarization ellipse of any electromagnetic radiation.

The experiments were carried out on the High Repetition rate laser system-based gas HHG beam-
line for Gas targets (HR Gas) at the Extreme Light Infrastructure Attosecond Light Pulse Source (ELI
ALPS) Research Facility [56, 57]. The beamline was driven by the HR Alignment laser source during
these experiments [58], emitting ultrashort pulses at 10kHz repetition rate with 1 mJ pulse energy, gen-
erating broadband XUV radiation in the 18 — 44 eV photon energy range via HHG in a gas cell target
[59]. The beamline is standardly equipped with the C-ReMi and the double-stage, three-reflection-based
polarimeter, allowing simultaneous measurements on the polarization state of the XUV radiation [60]
(more information about the beamline geometry can be seen in section 2 of SM). The full polarization
characterization of the HHG-based XUV source was carried out in two orthogonal, linear polarization
states. To change the experimental conditions, we simply rotated the polarization plane of the driving
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laser field by using a broadband half-wave plate before the harmonic generation point, which resulted in
orthogonally polarized high-harmonics in the two conditions.

Since the measured signals are completely different in the optical and the non-optical methods, signi-
ficantly different evaluation processes must be applied for the extraction of the normalized Stokes para-
meters. For the sake of brevity, here we only summarize the main aspects of evaluation of the recorded
datasets. The detailed description of the evaluation steps can be found in section 3 of SM. Based on data
from the PADs, measured with the C-ReMi, we can obtain only limited information about the polariz-
ation state of the ionizing radiation, i.e. the Stokes parameters S| and S; can be determined in the cur-
rent configuration. In addition, the tilting angle () of the polarization ellipse can be reconstructed (see
section 3.1 of SM), and the reconstruction of S; would be available with specialized targets in C-ReMi
(see, for example, [61]). In case of data acquisition with the polarimeter, due to the polarization depend-
ence of the complex reflection coefficients of the optics used, the transmitted intensity varies with the
rotational angles of the stages, resulting in a three-dimensional surface of the intensity variations, called
Malus surface [62]. By performing three-dimensional surface fitting we determined all Stokes parameters
(S{, S5, S§) of the input radiation together with the 1 o1, Y2100 and Ay ellipsometric parameters of the
reflective gold thin films evaporated on the optics used in the polarimeter (see section 3.2 of SM) [62].

3. Discussion

The normalized Stokes parameters measured in the two orthogonally polarized measurement conditions
are presented in figure 1: figure 1(a) shows a horizontally- and figure 1(b) represents a vertically polar-
ized condition. The solid black curves show the generated harmonic spectra in both cases. The full dots
present variations of the normalized Stokes parameters in the 18 — 44eV photon energy range. The cor-
responding error bars represent the uncertainty of their reconstruction, resulting from the imperfections
of surface fitting to the recorded Malus surfaces. The dotted horizontal lines indicate the values of the
photon energy-integrated normalized Stokes parameters, based on the spectrometer signal.

We note here that there are additional peaks in the high-harmonic spectra neighboring harmonics
15 and 17 (18eV and 20.4eV, respectively) in both measurement conditions, which are the cut-off har-
monics caused by the second-order diffraction of the grating used in the spectrometer. However, this
second-order diffraction does not deteriorate the reconstruction of the polarization state of lower-orders
because these peaks do not overlap completely with the peaks from the first diffraction order, and can
be filtered out during data evaluation. We also note here that a perfectly linearly polarized field with
horizontal and vertical polarizations should have S; =1 and S = —1, respectively, with other Stokes
parameters being zero. The fact that S5 # 0 in both cases only means that the angle of polarization was
not perfectly aligned with the vertical/horizontal axes of the polarimeter. Based on the S (and Sj) val-
ues measured with the polarimeter, the actual polarization angle was ~ 6° and ~ 2° rotated with respect
to the polarimeter axis, for the cases shown in figures 1 (a) and (b). Overall, in our generation condi-
tions the normalized Stokes parameter S; and S; vary slightly with photon energy in the plateau region
of the high-harmonic spectrum, while in the vicinity of the cut-off they show more pronounced vari-
ations, most profoundly visible in case of Sj. This observation resembles the results summarized in the
work of Antoine et al [63], as they observed differences in the polarization state of the harmonics located
in the plateau and cut-off regions. With our method, however, the full polarization state can be recon-
structed, while in [64] 8] could only be deduced indirectly by assuming fully polarized light, and the
information on the sign of ellipticity was not possible to reconstruct. Our results suggest that the devi-
ation from perfectly linearly polarized HHG radiation is not caused by an unpolarized component, but
by the presence of a circularly polarized harmonic field. This is particularly interesting in view of the
proposal [64], where the amplitudes and phases of the Fourier components of the single-atom dipole
moment vary rapidly with the laser intensity, and as a result, only partially polarized radiation can be
measured experimentally due to spatial averaging across the different intensity sections of the laser beam
cross section. While our measurement methods allow for a clear distinction between partially and ellipt-
ically polarized light, the detailed analysis and interpretation of measured Stokes parameters lie outside
the scope of this work, as polarization properties of HHG radiation depend strongly both on single-atom
and macroscopic conditions.

Because the geometry of the HR Gas beamline is designed to enable researchers to conduct meas-
urements simultaneously with the XUV polarimeter and the C-ReMi, we determined the polarization
state of the XUV radiation by using the C-ReMi device as well. Thereby, we can benchmark the optical
method with a non-optical measurement technique, applying a significantly different measurement and
data evaluation process (see sections 2.3 and 3.1 of SM). The results obtained are also presented in

figure 1 with light blue (S{ReMi) and dark red (SZ’ReMi) diamond symbols together with the corresponding
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Figure 1. Reconstruction of the polarization state of the harmonic-generation-based XUV source is presented in case of (a) a
horizontally and (b) vertically polarized driving laser field. The solid black curves are the produced HHG spectra and the full
dots present the variations of the normalized Stokes parameters in the covered 18 — 44 eV photon energy range measured with
the XUV polarimeter. The indicated error bars are the uncertainty of their reconstruction. The horizontal dotted lines represent
the values of the photon energy integrated, normalized Stokes parameters calculated based on the spectrometer signal. For com-
parison the normalized Stokes parameters retrieved from the PADs recorded with the C-ReMi are also presented with diamond
symbols analogously with error bars.

reconstruction uncertainties in both experimental conditions. The target gas, injected into the C-ReMi,
was Ar, an optically inactive gas, which did not allow reconstruction of the helicity of XUV radiation,
namely the normalized Stokes parameter S;. Apart from this, the parameters S{ ReMi and Sz’ReMi were suc-
cessfully retrieved from the PADs in the 20 — 30eV photon energy range. The detectable spectral region
depends on the geometry of the spectrometer and the electric and magnetic fields were chosen to allow
a sufficiently high kinetic energy resolution for clearly distinguishing photoelectron peaks originating
from different harmonics. The technique is scalable in terms of photon energy by selecting target mater-
ials with different ionization potentials and photoionization cross sections. At first glance this method
looks less accurate compared with the results of the polarimeter. However, the wider error bars in this
case are due to the lack of statistics, which could be substantially improved with a higher repetition rate
laser source or longer data acquisition that would further improve the match with the results obtained
with the polarimeter. We also note that the measurements with the polarimeter and the C-ReMi show
differences in the values of S| and Sj. These, however, can be explained with the non-parallel alignment
of the reference axes of the two devices. From the datasets presented in figure 1 (a) and (b), we con-
sistently get a value of ~ 5° for the angle that the two vertical (or horizontal) axes of the two devices
make with respect to each other. The C-ReMi measurements also confirm that in the two measurements
the horizontal and vertical (p- and s-polarized) fields presented in figure 1 (a) and (b) actually close an
angle of around 86° instead of 90°.

In addition to the robust determination of the complete polarization state of the XUV source with
two independent metrology, the ellipsometric parameters, i.e. the characteristics of the uncoated gold
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Figure 2. Ellipsometric parameters of the uncoated gold mirrors implemented in the double-stage, three-reflection-based XUV
polarimeter. (a) Extinction ratios ) (meas) (blue diamonds) and 9, (meq) (red squares) of the individual polarimeter stages and
(b) phase difference Ay, (green diamonds) introduced between the two polarization components. In both figures the black
curves represent the harmonic spectra to be generated. The solid gray curves are the corresponding data taken from the latest
experimental results found in the literature. The light gray shaded area shows the variation of the ellipsometric parameters, by
changing the angle of incidence to the surface of the first mirror in the polarimeter stage by 1°.

mirrors installed in the polarimeter stages—replaceable with an arbitrary sample—are also determ-

ined from the same dataset (see section 3.2 of SM). To be more specific, the extinction ratios 1) ¢ and
12,10t Of the individual polarimeter stages, and the phase shift A; introduced between the two ortho-
gonal polarization components in the first polarimeter stage are also retrieved with high accuracy in

the 18 — 44 eV photon energy range from the same surface fitting carried out for the reconstruction of
the normalized Stokes parameters (see SM section 3.2). The results obtained are presented in figure 2
together with the accuracy of the retrieval. Figure 2(a) shows the reconstructed extinction ratios ¥1 (meas)
(blue diamonds) and t(imeas) (red squares), and in figure 2(b) the measured phase shift A (e (green
diamonds) are plotted. In both figures, the black curves show the produced high-harmonic spectrum.
For the sake of comparability, we present the latest experimental results found in the literature, which
focused on the determination of the material constants of bulk gold material (solid gray curves), as they
have the highest resolution in this photon energy range [65]. As there are no significant differences in
the tendencies of such material constants in case of bulk materials and thin films (see section 4 of SM),
we consider this reference to be adequate for comparison. The light gray shaded area represents the vari-
ation of the ellipsometric parameters, by changing the angle of incidence (AOI) to the surface of the first
mirror in the polarimeter stage by 1°. This broad area shows that the precise alignment of the exper-
imental setup substantially affects the material constants to be reconstructed (but it would not affect
changes measured in a pump-probe scheme). In our configuration, the nominal AOT of the three mir-
rors in each polarimeter stage is designed to be 80° — 70° — 80°, respectively, and these values were used
in the calculations of the solid gray curves in figure 2. The ellipsometric parameters measured in this
work slightly differ from the reference data, however, the aging of the uncoated gold layers evaporated
on the mirrors used in the polarimeter stages can lead to such deviations from the reference curve. In
addition, both the experimentally measured and empirical values of these parameters found in the liter-
ature show a large variations as presented in section 4 of SM, which supports that the optical constants
of gold layers are strongly influenced by the measurement conditions and the quality of the surface. All
in all, these material constants were successfully retrieved, extending the experimental results to the ellip-
sometric parameters of thin gold layers. We also note here that the measurement precision of the ellip-
sometric angles provided by the polarimeter in the photon energy range to be measured should allow
for tracking ultrafast processes in matter, just like in the visible regime [66]. Also, since HHG with short
pulses can provide a continuous spectrum [67], the photon energy resolution can be increased up to the
resolution limit of the spectrometer used, resembling more the ellipsometric measurements known from
the optical regime [39].
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4, Conclusions

We demonstrated successful measurements on the full polarization state of a HHG-based XUV source
under two orthogonally polarized measurement conditions covering the 18 — 44 eV photon energy range.
Reconstruction of the complete polarization ellipse of high-harmonics is carried out simultaneously with
an optical (polarimeter) and a non-optical (ReMi) measurement technique, which is unprecedented in
such a broad spectral region by using a harmonic-based XUV source.

In addition, we determined the ellipsometric parameters of the thin gold layers evaporated on the
reflective optics installed in the polarimeter stages with the same set of measurements in the 18 — 44¢eV
spectral region. To the best of our knowledge, the measurement of these material constants of thin film
materials using a table-top XUV source is reported for the first time. Until now, these investigations have
been conducted using synchrotron radiation in combination with reflectometers [33—-35]. A remarkable
advantage of our setup and solution is that due to the parallel polarimetry and ellipsometry, the polariz-
ation of the light does not need to be characterized in advance to carry out ellipsometry.

These results lay the foundations of high-resolution ellipsometry measurements on any kind of
reflective layer or bulk material with sufficient reflection for XUV radiation produced by broadband
HHG-based light sources. This possibility is of great importance in semiconductor lithography [40]
or in time- and angle-resolved photoelectron spectroscopy [41, 42], where well-characterized steering
optics are required in this spectral range. Furthermore, by replacing steering optics in the polarimeter,
the presented methodology can be expanded to other photon energies in a broad spectral range. In addi-
tion, simultaneous measurement with the polarimeter and the C-ReMi in a pump-probe scheme allows
the determination of the complex time-dependent polarization state of attosecond pulses [44—46], and
the investigation of chiral phenomena [48, 49, 51] or time-dependent chiro-optical processes [50, 52] on
the attosecond timescale.
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