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Abstract: We present a tabletop setup for extreme ultraviolet (EUV) reflection spectroscopy
in the spectral range from 40 to 100 eV by using high-harmonic radiation. The simultaneous
measurements of reference and sample spectra with high energy resolution provide precise and
robust absolute reflectivity measurements, even when operating with spectrally fluctuating EUV
sources. The stability and sensitivity of EUV reflectivity measurements are crucial factors for
many applications in attosecond science, EUV spectroscopy, and nano-scale tomography. We
show that the accuracy and stability of our in situ referencing scheme are almost one order of
magnitude better in comparison to subsequent reference measurements. We demonstrate the
performance of the setup by reflective near-edge x-ray absorption fine structure measurements
of the aluminum L2/3 absorption edge in α-Al2O3 and compare the results to synchrotron
measurements.
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1. Introduction

Extreme ultraviolet (EUV) and soft x-ray spectroscopy provides a wide range of physical and
chemical information on samples. In contrast to visible light, EUV and soft x-ray light interacts
with the inner-shell electronic structure of matter providing unique elemental contrast. In
addition, the short wavelength of the radiation (1-100 nm) can provide nano-scale resolution in
imaging applications [1]. Following the development of laser-driven broadband EUV sources
based on high-harmonic generation (HHG) [2] and laser-produced plasmas (LPP) [3] in the
past decades, some of the EUV and soft x-ray measurement techniques and applications, that
previously were only available at synchrotrons, now can also be performed with these new
laboratory-scale light sources. Prominent examples are the investigation of the near-edge x-ray
absorption fine structure (NEXAFS) [4,5], photoelectron spectroscopy [6], coherent diffraction
imaging [7], novel broadband imaging schemes like XUV Coherence Tomography (XCT) [8,9],
or multi-spectral ptychography [10,11].

Moreover, the unique temporal coherence properties of the EUV light from HHG sources
support temporal pulse lengths down to the attosecond scale, which opened up a new field of
ultrafast research [12–16] by adding the possibility of time resolution to the above-mentioned
applications.
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However, the stability of laser-based EUV sources is limited due to the highly nonlinear
dependence on the driving laser’s power or fluctuations in the nonlinear medium or plasma. These
fluctuations lead to a reduced sensitivity and inferior detection limits in the above-mentioned
methods, which is especially problematic for typically small ultrafast transient effects. Therefore,
a major experimental challenge in ultrafast imaging and spectroscopy is the improvement of the
stability and sensitivity of the HHG-driven setups [17] e.g. by novel referencing techniques.
Several methods have recently been presented to overcome this issue [17–21]. We will categorize
these as in situ and ex situ methods. An ex situ reference spectrum can always be recorded by
repeating the measurement under the same conditions without the sample or with a reference
sample. However, changes in the source spectrum in between these two consecutive measurements
cannot be compensated and will thus limit the accuracy of the experiment. In situ approaches can
overcome this limitation by a direct and simultaneous measurement of the reference. For example,
a grating can be used to split the incident EUV beam allowing a simultaneous measurement of a
reference signal [19]. It is also possible to merely log the driving-laser parameters during the
exposure of the EUV diagnostics and to use a model for the HHG process for extracting the noise
[20]. Another additional option is the use of lock-in techniques to increase the detection limit for
induced transient effects [21].

In this work, we present an in situ referencing approach, which is particularly well-suited
for measurements in reflection geometry. Both, the actual measurement and the reference are
recorded simultaneously on the same detector. Our method is based on amplitude splitting within
the Rayleigh length of a focused EUV beam right in front of the sample under investigation. This
is realized by a thin Si3N4 membrane, which is placed in close proximity and parallel to the
sample’s surface. In comparison to ex situ reference schemes, the simultaneous measurement of
the reference and the sample reflectivity signal with a single EUV spectrometer strongly increases
the stability and thus the sensitivity even for single exposure measurements without applying
statistics.

In the following, the experimental setup is presented and details of the measurement technique
as well as a characterization of the beam-splitting membrane are given. We demonstrate the
capabilities of our setup by a reflective near-edge x-ray absorption fine structure (NEXAFS)
measurement of sapphire and compare it to synchrotron-based measurements of the same sample.
Then, the suppression of source fluctuations of the new method is quantified and compared to an
ex situ approach. Finally, we discuss the presented method and compare it to previously reported
solutions.

2. Experimental setup

The measurements for this work have been carried out at a laser-driven EUV beamline, originally
developed for nano-scale cross-sectional imaging [22]. The beamline consists of an HHG source
and a toroidal mirror to focus the broadband EUV radiation onto a sample. Subsequently, the
reflected light is analyzed with an EUV spectrometer [23]. The high-harmonic generation process
is driven by near-infrared (NIR) laser pulses from an optical parametric amplifier (OPA) with
∼ 2 mJ pulse energy, 1 kHz repetition rate, and a pulse duration of ∼ 60 fs. The laser radiation is
focused with a 30-cm focal length lens into an argon gas jet to produce the high harmonics. In
order to generate a quasi-supercontinuous spectrum for broadband reflectivity measurements in
the range between 40 and 100 eV, the OPA output wavelength is scanned rapidly between 1250
and 1330 nm [24]. In this way, the strongly modulated harmonic comb is smoothed within the
exposure time (typically 5 to 60 seconds) of the EUV spectrometer’s CCD and a sufficiently
flat broadband EUV spectrum is obtained. Residual NIR light is removed by thin metal filters.
Aluminum filters are used for the spectral range from 40 to 72 eV and zirconium filters for the
energy region above. Thus, two exposures are needed in order to cover the full spectral range.
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As sketched in Fig. 1 the EUV radiation is focused by a toroidal mirror with a focal length
of 1 m and illuminates a spot of about 50 µm diameter (FWHM) on the sample under the steep
angle of incidence of 15◦. The specular reflection is analyzed with an imaging reflection-grating
EUV spectrometer (Indigo Optical Systems GmbH). A cylindrical mirror (CM) images the focal
point from the sample in the non-dispersive plane directly onto a back-illuminated CCD detector
with 13.5 µm pixel size (Andor Newton DO-940). Our self-developed spectrometer features a
high spectral resolution of better than 0.08 eV over the entire spectral range and allows to detect
even small and sharp spectral features [23].
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Fig. 1. Sketch of the setup for measuring the absolute reflectivity of samples. Broadband
EUV radiation from a HHG source is focused with a toroidal mirror onto the sample under
investigation, while remaining laser radiation is eliminated by thin metal filters. Amplitude
splitting of the focused beam is realized by a 20 nm thin Si3N4 membrane parallel to and
in front of the sample’s surface. Specular reflection from the membrane (SM) serves as a
reference and is recorded simultaneously with the sample reflection (SS) by the imaging
EUV spectrometer, which consists of a cylindrical mirror (CM), a variable line spacing
grating (VLS) and a CCD detector [23].

So far, the absolute calibration of the measured reflectivity has been achieved by an ex situ
measurement of the source spectrum using an additional reference sample of known reflectance,
e.g. TiO2. In this way, long-term fluctuations of the EUV output power and spectral shape can
be mitigated, but short-term effects occurring between subsequent exposures of the reference
sample and the actual sample, cannot be accounted for. The in situ reference technique presented
here complements the beamline by a commercially available 20 nm thin membrane (low-stress
Si3N4 single window from Norcada Inc.) directly in front of the sample’s surface (see Fig. 1).
The membrane has a square aperture of 500 µm2. It acts as a beam splitter within the Rayleigh
range of the EUV focus and, accordingly, needs to be placed at a distance of d ≈ 500 µm parallel
to the surface of the sample.

This approach has two major advantages. First, in contrast to beam splitting in the unfocused
EUV beam, the lateral dimensions of the membrane can be limited to a few hundred micrometers.
On this scale, very thin (few tens of nanometers) Si3N4 membranes can be produced, which
improve the overall transmission. Additionally, the wavefront distortions of the reflected beam
are minimized, since the membranes are sufficiently flat across the lateral dimensions of the
focus. Second, since both reflections propagate collinearly, the splitting geometry allows to
measure both, the reflected signal of the membrane and the reflected signal of the sample (which
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is transmitted through the same membrane again), simultaneously and with the same camera.
However, depending on the divergence, both beams may overlap laterally. Thus, the diagnostic
needs to be able to separate the two reflections. In contrast to the commonly used variable line
space (VLS) grating flat-field spectroscopic approach, our spectrometer features an additional
cylindrical mirror in front of the grating to image the focal points of the sample and the membrane
also in the non-dispersive plane onto the CCD detector. Due to the angle of incidence and the
distance between membrane and sample, both focal points are imaged onto slightly different
positions and thus are spatially separated on the detector. A typical raw image of the separated
spectra is shown in Fig. 1. The separation d as well as the angle are controlled by motorized
alignment under vacuum conditions.

Accordingly, two spectra are measured at the same time within one exposure of the camera.
The reflection of the membrane (SM) serves as a reference, while the other beam (SS) carries the
reflectivity of the sample (RS) diluted by two membrane transmissions (T2

M) (see also inset of
Fig. 1). Both signals can be equated by

SM(ω) = Q(ω, t) · RM(ω) · η(ω) (1)

SS(ω) = Q(ω, t) · TM(ω)2 · RS(ω) · η(ω), (2)

where Q(ω, t) denotes the unknown source spectrum, RM(ω) the membrane reflectivity and η(ω)
the overall spectrometer efficiency. By using Eqs. (1) and (2), one finds that the unknown sample
reflectivity can be extracted,

RS(ω) =
RM(ω)

TM(ω)2
·

SS(ω)

SM(ω)
=: ξ(ω) ·

SS(ω)

SM(ω)
. (3)

The result is entirely independent of the momentary source spectrum Q(ω, t). Of course, the
membrane-dependent function ξ(ω) = RM(ω)/TM(ω)2 needs to be determined, however only
once for any given membrane.

3. Results

As a first demonstration of our approach, we present a reflective NEXAFS measurement of
an α-Al2O3 substrate and compare the results to data recorded at a synchrotron. Since, as
described above, the characterization of the membrane is a necessary step to allow absolute
reflectivity measurements, we begin with the description of the membrane characterization
procedure (chapter 3.1) followed by the actual NEXAFS measurement (chapter 3.2). Finally, in
chapter 3.3, the influence of EUV source fluctuations using the new in situ approach is analyzed
quantitatively and compared to an ex situ measurement.

3.1. Membrane characterization

Whereas a separate determination of both membrane properties, reflectivity RM(ω) and the
transmission TM(ω), would be complicated, the required term ξ(ω) = RM(ω)/TM(ω)2 can be
measured in a simple way. To this end, an inert TiO2-substrate is used as a reference sample. Its
reflectivity, which is depicted in Fig. 2 (b) was measured before at a synchrotron. By evaluating
the reflected spectra of the membrane (SM) and the TiO2 sample (STiO2), the ratio ξ(ω) can
directly be computed:

ξ(ω) =
RM(ω)

TM(ω)2
=

SM(ω)

STiO2 (ω)
· RTiO2 (ω), (4)

where RTiO2 (ω) is the known reflectivity of TiO2 at 15◦ angle of incidence.
All results within this work were obtained using Si3N4 membranes with a thickness of

20 nm, which were placed ∼ 520 µm in front of and parallel to the surface of the sample. This



Research Article Vol. 30, No. 20 / 26 Sep 2022 / Optics Express 35675

a) b)

c)

40 60 80 100
photon energy [eV]

-3.5

-3

-2.5

-2

-1.5

-1

lo
g 10

(re
fle

ct
iv

ity
)

TiO2 reflectivity

Fig. 2. Characterization of the Si3N4 membrane: a) Measured raw data of the spectra
reflected from the membrane (black) and the TiO2 reference substrate (blue) are displayed.
The jump at 72 eV arises due to the combination of two recorded exposures using Al and
Zr for filtering. b) The reflectivity of the TiO2 reference substrate has been measured at
an angle of incidence of 15◦ at a synchrotron using s-polarized radiation. c) The resulting
membrane-dependent ratio ξ(ω) = RM/T2

M is shown before (grey) and after Savitzky-Golay
filtering in the wavelength domain (order = 1, width = 0.55 nm) (red). The sine-like curve
arises from interference between reflections at the front- and backside of the 20 nm thick
membrane.

distance results in ∼ 270 µm spatial separation of both reflexes on the spectrometer’s CCD, which
corresponds to approx. 20 pixels (pixel size 13.5 µm). A typical raw image of the camera which
includes both spectra (membrane and sample reflection) is shown within Fig. 1.

All used membranes were characterized using the same TiO2 reference and the following data
evaluation procedure. At first, the image is rotated to align its axis to the dispersive plane of the
grating. Minor sheering effects in the recorded spectra, which are caused by beam pointing shifts
during the wavelength scan of the OPA and aberrations of the cylindrical mirror, are accounted
for numerically (see Supplement 1). That includes the spatial alignment of each pixel row using
the aluminum filter absorption edge for reference. Then, the detector counts are integrated
perpendicular to the dispersive axis over 7 pixels for each of the two spectra. Both spectra are
weighted by the spectral width of each of the 2048 energy bins. The regions of integration
are chosen to always cover a maximum of the recorded intensity while ensuring a complete
separation of both spectra. The spectral axis is calibrated by the known peak positions of the
high harmonic comb structure from an additional exposure with a fixed wavelength (1300 nm) of
the driving laser. To access the full spectral width, two images using an Al- and a NNNQZr-filter
have been recorded with an exposure time of 540 s each. Subsequently, the spectra calculated
from these images are stitched together.

https://doi.org/10.6084/m9.figshare.20502837
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The resulting signals (integrated counts per eV on the CCD) are shown in Fig. 2 (a). The
blue curve represents the reflected signal from the TiO2 reference substrate while the black
one shows the membrane reflection. While the overall trend is rather monotonous for the TiO2
reflection, the membrane signal exhibits a strong low-frequency spectral modulation. It is caused
by interference of EUV radiation reflected from the front and backside of the membrane. This
can be understood in perfect analogy to an etalon and can even be used, for example, to measure
the thickness of the membrane [25].

Both signals exhibit minor high-frequency modulations. They are caused by the residual
high-harmonic comb structure of the source spectrum, which cannot be completely smoothed by
the wavelength-scanning method [24]. The discontinuity at ∼ 72 eV is a consequence of stitching
the spectra from the two exposures with the two different filters together. Without the in situ
reference, the spectral transmission curves of the filters would need to be carefully measured,
which, in fact, is hardly possible with satisfactory accuracy due to source fluctuations and filter
degradation over time.

Finally, the sought-after membrane-dependent ratio ξ(ω) can directly be calculated from
both reflected signals and is depicted in Fig. 2 (c). The modulations caused by the source are
entirely canceled out by the division of the two measured spectra. Furthermore, the jump at the
stitching point is eliminated. Indeed, since the ratio ξ(ω) only depends on the Si3N4 membrane
reflectivity and transmission, it should not exhibit any sharp features or a high-frequency spectral
modulations between 40 and 100 eV. Therefore, the extracted ratio ξ(ω) can further be smoothed
using Savitzky-Golay polynomial filtering [26] to reduce noise (red curve).

3.2. Reflective NEXAFS on α-Al2O3

By using the retrieved membrane function ξ(ω) from the characterization measurement on a
TiO2 sample, the NEXAFS signatures incorporated in the spectral reflectivity of an α-Al2O3
substrate have been investigated. The measurement and data evaluation up to the point where the
two reflected spectra of the membrane and the sample are retrieved, is equal to the procedure
described in the previous chapter. According to Eq. (3) the absolute spectral reflectivity of the
sample can be calculated by the division of both recorded spectra weighted by the membrane
ratio ξ(ω). Again, to cover the full spectral width, two exposures each 540 s using Al and Zr
filters have been carried out. The spectral range covers a broad region around the L2/3-edge of
aluminum and thus enables a detailed analysis of the corresponding NEXAFS features.

Figure 3 (a) displays the recorded raw spectra of the α-Al2O3 substrate and the membrane
at 15◦ angle of incidence. The spectrum reflected by the membrane (black) again shows the
low-frequency spectral modulation. The signal of the Al2O3-substrate (blue) is monotonous
except for two intense peaks of high reflectivity around 78 eV. The retrieved absolute reflectivity
of the sample is shown as a blue line in Fig. 3 (b). For comparison, the green curve shows the
retrieved reflectivity of the sample without using the membrane signal, i.e. in a conventional ex
situ approach, where the source spectrum has been characterized in a prior measurement. Here,
the advantages of the new in situ approach become obvious as the spectral modulations caused
by source fluctuations are efficiently canceled out. The red curve was recorded in a subsequent
measurement at the PTB EUV beamline at the "Metrology Light Source" (MLS) in Berlin [27]
and serves as a benchmark. One hour of synchrotron beam time was used for the measurement
of the reflectivity at 341 monochromatic energies. The energy sampling interval was ∆E= 0.1 eV
in the range from 70 to 90 eV and ∆E= 0.5 eV elsewhere.

For a detailed evaluation of the NEXAFS signatures, the same curves are shown again in
Fig. 3 (c) in a smaller spectral range. To further reduce high-frequency noise in the laser-based
measurements, the reflectivity in the regions excluding the strong peaks between 77.8 eV and
79.2 eV can be smoothed by another Savitzky-Golay filter in the wavelength domain (order = 1,
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Fig. 3. Broadband reflection measurements at an α-Al2O3 substrate. a) The reflected
raw spectra from the Al2O3 substrate (blue) and the membrane (black) are depicted. Even
without elimination of the imperfections of the source spectrum, a prominent spectral
structure around 80 eV can be recognized in the Al2O3 spectrum, i.e. the NEXAFS feature.
b) The retrieved Al2O3 reflectivity curve (blue) using the membrane reflection for an in
situ reference measurement closely follows the reflection data measured at the PTB EUV
beamline at the ’Metrology Light Source’ (MLS). The laser-based reflectivity data using
the conventional ex situ reference measurement of a known TiO2 substrate (green) exhibit
large fluctuations at low energies and underestimate the reflectivity above 78 eV. This is
strong evidence for variations in the source spectrum between its measurement and the
measurement of the reflectivity of the sample. c) Enlarged plot of the reflection spectrum
around the aluminum L2/3-edge. A clearly resolved double peak structure with maxima at
78.4 and 78.9 eV indicates the splitting of the aluminum L2 and L3 edges. d) Additional
Savitzky-Golay filtering of the laser-based data reduces noise. In addition, the post-edge
structure with additional modulations is visible.
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width = 0.19 nm) since no sharp spectral features are expected. The filtered signals are depicted
in Fig. 3 (d).

As compared to synchrotron data, the measured reflectivity using HHG radiation shows a
very good agreement above energies of 55 eV. The deviation for lower energies most likely
originates from the following three measurement uncertainties. Firstly, the aperture tolerance
in our instrument implies an uncertainty of the angle of incidence of about one degree. The
influence on the measurement is increased since the angle affects both, the measurement of
the membrane function ξ(ω) and the sample reflectivity. Furthermore, we rely on the known
reflectivity of the TiO2 reference for the membrane characterization. The TiO2 reflectivity has
been quantified at the synchrotron as well (see Fig. 2 (b)).

Nevertheless, all three reflection curves show a similar trend in general. Above 70 eV,
the measurements with in situ reference agree very well with the benchmark curve from the
synchrotron, while the spectrum using an ex situ reference (green) underestimates the reflectivity
by 30 to 50 % and the double peak structure is not fully resolved. The internal structure of
NEXAFS features in the energy range from 70 to 88 eV is completely reconstructed using the
presented in situ measurement scheme and allows the investigation of the spectral fine structure
in detail as shown in Fig. 3 (d). However, a small deviation of relative peak amplitudes between
synchrotron and laser-based measurements occurs. This is caused by the finite resolution of our
spectrometer, which is estimated to be ∼ 160 meV in this experiment and thus leads to a reduction
of the peak heights. Additionally, the finite discretization of the synchrotron data, which is
way more coarse than the spectral resolution of the monochromator can also cause peak height
deviations depending on the sampling discretization, especially at sharp spectral variations of the
reflectivity (see Supplement 1 for details).

Our measurements confirm the NEXAFS feature in α-Al2O3 around 80 eV. The two peaks
located at 78.4 eV and 78.9 eV indicate a 0.5-eV split of the L3 and L2 edges due to spin orbit
coupling, where the 2p core level splits into the 2p3/2 and 2p1/2 states. The sharp and narrow
spectral structures can be explained by the formation of core excitons [28]. In addition, a
characteristic post edge structure with three additional maxima (80.0 eV, 82.7 eV, and 85.0 eV) is
observed, which matches very well to data from [29,30].

It is remarkable that the absolute reflectivity measurement by our setup with only two single
exposures yield quantitative information comparable to extensive synchrotron measurements,
where the reflectivity was quantified for each single photon energy separately. The acquisition of
the laser-based measurements took around 20 minutes in total, while the acquisition procedure
at the synchrotron lasted around one hour. The NEXAFS spectrum measured with our laser
based setup matches also well with earlier synchrotron-based studies using fluorescence yield
[30–32] and reflectivity measurements [29]. This holds in terms of peak positions, relative peak
amplitudes, spin-orbit splitting, resolution of spin-orbit coupling, and the post-edge structures in
accordance to the limitations described above.

3.3. Normalized root-mean-square deviations

In the following section we quantify the stability improvement of the presented in situ measurement
scheme in comparison to an ex situ reference measurement. For this purpose, 49 measurements
of the reflectivity of TiO2 were performed. This series of exposures, i.e. simultaneously recorded
reflection spectra from TiO2 and a Si3N4 membrane, is continuously captured with 30 s exposure
time each using the transmission window of the Al filter only. In order to calculate the reflectivity,
the data processing of the spectra was carried out in the same way as described in chapter 3.2.
Since a new membrane was used for this measurement, it was necessary to characterize the
membrane-dependent ratio ξ(ω) following the procedure described in chapter 3.1.

https://doi.org/10.6084/m9.figshare.20502837
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Fluctuations of a data set consisting of n individual values xi can be characterized using the
normalized root-mean-square deviation (NRMSD), which is defined as

NRMSD =
1
x̄

⌜⎷
1
n

n∑︂
i=1

(xi − x̄)2, (5)

where x̄ denotes the mean value.
Figure 4 shows the measured reflectivity of TiO2 based on (a) an ex situ reference measurement

and (b) our in situ approach. The measured reflectivities in the ex situ measurements show strong
fluctuations due to the fluctuations of the source spectrum, whereas the in situ measurement show
an impressive improvement of the stability. For quantifying the improvement, the NRMSD of the
averaged reflectivity as well as the NRMSD for each photon energy will be determined.
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Fig. 4. Measurement of the normalized root-mean-square deviation (NRMSD) for the ex
situ (left) and in situ (right) methods. The reflectivity spectrum of TiO2 measured in 49
subsequent exposures is shown in false colors. The ex situ reference scheme using a separate
reference measurement shows pronounced fluctuations, which originate from fluctuations
of the EUV source. The averaged reflectivity Ra exhibits an NRMSD of 18 %. (b) In situ
reflectivity measurements using the Si3N4 membrane show a strongly improved stability,
quantified by a reduction of the NRMSD to only 2 % for the total reflectivity. Furthermore,
the spectrally resolved NRMSDs of the reflectivity values at each energy (blue curves) show
a reduction from values between 20 and 30 % to values between 3 and 10 %.

First, the reflectivity is averaged over all energies for each exposure. This averaged reflectivity
Ra is plotted as a function of irradiation time below each false color plot of the measured
reflectivity. Then, the NRMSD of this signal can be calculated. The ex situ measurement shows
a NRMSD of 18 %. This error can be directly associated with total EUV intensity fluctuations of
the HHG source during the 25 minutes of data accumulation. In contrast the in situ measurements
only exhibit a NRMSD of 2 %, which can mainly be attributed to remaining detector noise.

Similarly, the NRMSD of the measured reflectivities for each single photon energy are
calculated. The corresponding graph is plotted in a sub-graph to the right of Fig. 4 a) and b).
While the NRMSD for the ex situ data fluctuates between 20 and 30 %, it rarely exceeds 10 % for
the in situ case, in spectral regions where the signal of membrane reflection is rather low, because
of interference effects. In the spectral region from 45 to 65 eV it even remains below 5 %.
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4. Discussion

A lab-scale setup for broadband EUV reflectivity measurements based on direct in situ reference
detection between 40 and 100 eV has been developed, characterized, and tested. Our experimental
setup allows for accurate absolute reflectivity determination. Previously observed averaged
reflectivity fluctuations in the order of 18 % NRMSD are reduced to only 2 %, while observed
deviations of the reflectivity between 20 and 30 % at distinct energies can be restrained to
NRMSD values smaller than 10 %.

The presented measurement method using a thin silicon nitride membrane in reflection
geometry is perfectly suited to record source fluctuations directly while the radiation is being
exposed to the sample. They are eliminated afterwards during the data evaluation. EUV amplitude
splitting in the focal region close to the sample is technical demanding but has several significant
advantages in comparison to previously reported solutions [17,19–21]. First, we benefit from a
direct reference measurement in the EUV and no model or correlation assumption as described
in [20] between the optical and EUV is needed. The measurement scheme removes all temporal,
spectral and spatial intensity variations of the focused beam. In contrast to beam sampling in the
collimated or divergent EUV beam, picking up of the reference in the beam focus requires only a
small area of homogeneous, uniform and flat membrane surface, which is a decisive advantage in
the EUV.

Our setup employs the full advantage of an imaging spectrometer as the dimension perpendicular
to the dispersion direction is exploited. The cylindrical mirror directly images the focal points
of the membrane and the sample onto the camera. Therefore, the presented direct reference
measurement is independent of the beam divergence and allows even harder focusing. Additionally,
the detection scheme uses the same optics (cylindrical mirror, VLS grating) and back illuminated
CCD detector for measuring reference and sample spectrum at the same time. Accordingly, the
reflection, diffraction and detection efficiencies within the spectrometer are the same and do
not influence the measurement, since they cancel out following Eq. (3). In contrast to [19], no
additional detector is involved for the simultaneous reference measurement and an extensive
cross-correlation characterization between different detectors is not necessary.

The usage of a 20 nm thin Si3N4 membrane for the broadband EUV splitting provides an
additional important advantage. Its reflectivity is in the order of 10−3 and matches very well with
typical reflectivity values of investigated samples in the accessible spectral region. Thus, both
recorded spectra (sample and reference) have comparable intensities, which allows to benefit
from the full dynamic range of the detector.

Numerous ultrafast transient reflectivity measurements with different referencing schemes have
been reported [33–37]. Typical exposure times lay in the range of 0.1 s to 3 s [33–35]. However,
in order to reach a sensitivity, which allows the detection of transient effects, statistical averaging
was always performed. Thus, the total measurement time per time delay in the pump-probe
setups was on the order of 10 s to 750 s. The observed transient reflectivity changes reach up to
15 % [34]. With the reported stability of our setup, these effects would be detectable even without
any statistical averaging in a single exposure measurements. The required total measurement
time is comparable to the existing setups. However we want to point out that we realized the
by far steepest incidence angle, which reduces the reflectivity significantly but allows a higher
penetration depth. On top of the referencing scheme, the sensitivity of our setup can easily be
improved further by statistical averaging.

Clearly, there are also disadvantages with our method. The membrane to sample distance and
the resulting separation of both spectra on the detector camera needs to be adjusted precisely. In
terms of avoiding beam clipping at the membrane edges, the distance should be minimized. For
the further data analysis however, a well defined spatial separation of the spectra on the detector
is crucial. This requires appropriate diagnostics and motorization. Furthermore, at distances as
close as 500 µm to the sample’s surface, there is a certain risk of touching the sample.



Research Article Vol. 30, No. 20 / 26 Sep 2022 / Optics Express 35681

As a benchmark of the presented in situ reference scheme, we recorded characteristic signatures
of the near edge absorption fine structure around the aluminum L2/3 edge in α-Al2O3 in reflection.
The measured absolute reflectivity reproduces the NEXAFS features known from synchrotron
data [29,30,32]. Remarkably, the laser-based reflectivity measurement took in total less than 20
minutes, which turns out to be around three times faster than the measurement at the synchrotron.
In fact, the measurement time can rather easily be reduced to less than a minute by increasing the
HHG flux to the latest state-of-the-art [38].

In the future, we want to extend our setup with a pump beam to enable ultrafast pump-probe
measurements and at the same time provide depth information via our EUV coherence tomography
approach [9]. Thus, transient effects of encapsulated interfaces can be studied. In addition, our
referencing scheme allows for very precise ultra-broadband reflectivity measurements which
by itself will increase the accuracy and material-specificity of XCT [39]. In this way, new
opportunities for nano-scale spectromicroscopy are created by transferring methods currently
confined to synchrotron facilities [40–42] to laboratories.
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