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ABSTRACT

We present a modular extreme ultraviolet (XUV) spectrometer system optimized for a broad spectral range of 12-41 nm
(30-99 eV) with a high spectral resolution of 1/A1 > 784 + 89. The spectrometer system has several operation modes for
(1) XUV beam inspection, (2) angular spectral analysis, and (3) imaging spectroscopy. These options allow for a versatile use in
high harmonic spectroscopy and XUV beam analysis. The high performance of the spectrometer is demonstrated using a novel
cross-sectional imaging method called XUV coherence tomography.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http: //creativecommons.org/licenses /by /4.0/). https://doi.org/10.1063/1.5054116

I. INTRODUCTION

The advent of extreme ultraviolet (XUV) sources such
as free-electron lasers (FLASH' FERMI?) or laser-driven high
harmonic (HHG) sources®>> has opened new applications
and opportunities in basic research and applied science.
In most of the scientific applications, XUV spectrometers
with high detection efficiency and resolution are required.
For example, XUV spectroscopy has been applied to investi-
gate warm dense hydrogen using Thomson scattering,® multi-
electron photoionization cross sections,” and strong-field
laser-atom interactions.® The instrument described here has
been developed for XUV Coherence Tomography (XCT), a
method which has been introduced recently for non-invasive
cross-sectional imaging of nanostructures.®'’ It extends
Optical Coherence Tomography (OCT)'? into the XUV utiliz-
ing the short coherence length of broadband XUV radiation.
For frequency-domain XCT, the efficiency of the spectrometer

is essential because of the small scattering cross sections in
the XUV while the resolution directly corresponds to the max-
imum depth at which structures can be detected beneath the
sample’s surface.'®

Here we focus on an XUV spectrometer that has been
developed for the application in XCT using a HHG source!“15
in the silicon transmission window (30-99 eV, 12-41 nm). For
maximum versatility, the instrument can also measure the
divergence of the XUV beam and the angularly resolved spec-
tra. This is useful for, e.g., optimization of HHG. In the follow-
ing, we discuss the requirements for the XUV spectrometer,
its technical design, the improved XCT measurements, and the
resulting spectrometer resolution.

Il. REQUIREMENTS

In XCT, a broad-band XUV beam is reflected at a lay-
ered sample. The modulations of the spectral reflectivity are
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TABLE I. Comparison of XUV spectrometers regarding resolution.

Spectrometer Resolution 1/A1

Transmission grating spectrometer'”
H + P SXR/EUV spectrometer!®
HiTRaX'?®

McPherson spectrometer 251MX2°
T-REXS (this work)

~100 (at 15 nm)
~330 (at 20 nm)
~330 (at 21 nm)
~720 (at 20 nm)
>784 + 89 (at 20 nm)

analyzed with an XUV spectrometer. To detect a layer buried
1000 nm below the surface, a spectrometer resolution of AE
~ 0.1 eV over the entire spectral bandwidth is required. This is
equivalent to a resolving power of R = 1/A1 = E/AE ~ 600
at 20 nm. In our previous XCT setup, a transmission grat-
ing spectrometer’'® was used that provides a resolution of
AE > 0.4 eV. Accordingly, higher modulation frequencies and
thus deeper lying nanostructures cannot be revealed by XCT
using this XUV spectrometer. Additionally, diffraction from
the support mesh and the low diffraction efficiency of the
transmission grating hampered high-quality XCT measure-
ments.'” An overview of XUV spectrometers that operate in
this wavelength range is shown in Table I. The resolution can
be strongly increased’2° compared to the transmission grat-
ing spectrometer. In this comparison, the highest resolution is
obtained by the XUV spectrometer from McPherson (model
251IMX). This XUV spectrometer uses a slit that is imaged by a
curved reflective grating.

In addition to the high spectral resolution, a highly effi-
cient and sensitive XUV spectrometer is required for XCT due
the low reflectivity in the XUV at near-normal incidence which
is of the order of ~10~5. With regard to Table I, the resolution

detector plane

(1) XUV beam inspection plane mirror y

A
plane mirror x
(2) angular spectral analysis ~ Plane mirror A E
. —>X
grating
(3) imaging spectroscoW A -
—>X

grating

FIG. 1. The spectrometer has three operation modes: (1) XUV beam inspection,
(2) angular spectral analysis, and (3) imaging spectroscopy. In the XUV beam
inspection mode, two plane mirrors steer the XUV beam to the detector. This oper-
ation mode enables assessment of the XUV beam and alignment. In the angular
spectral analysis mode, a plane mirror and grating are used. It allows us to mea-
sure the spectrum of the XUV beam and the divergence in one direction. In the
imaging spectroscopy mode, a cylindrical focusing mirror is used in combination
with the grating. It focuses the XUV beam perpendicular to the dispersive axis and
images the XUV source in this direction. In this mode, the dispersed XUV radia-
tion is concentrated in the detector plane which leads to a high sensitivity of the
spectrometer.
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of the McPherson spectrometer is sufficient for XCT in prin-
ciple. However, its slit-based concept does not allow focus-
ing along the non-dispersive axis to maximize the sensitivity
for XCT. Furthermore, beam alignment and HHG optimization
for XCT make an operation mode for online beam inspection
desirable. Thus, a new and versatile slit-free XUV spectrom-
eter system is needed that (1) can monitor the XUV beam,
(2) can measure the angularly resolved harmonic spectrum,
and (3) can measure the XUV radiation with high sensitivity
and resolution over the entire bandwidth of 12-41 nm and high
efficiency. We therefore developed the Transformable high
Resolution high Efficiency XUV Spectrometer (T-REXS) which
has three operation modes shown in Fig. 1. In the first mode,
the XUV beam is directed via two plane mirrors to the cam-
era detector such that the XUV beam can be measured. In the
second mode, the second mirror is replaced by a reflective
grating and the angularly resolved spectrum can be measured.
In the third mode, the first mirror is replaced by a focusing
mirror that images the XUV source onto the detector plane.
The highest sensitivity of the spectrometer is obtained in the
third mode.

Ill. SPECTROMETER DESIGN

The basic component of a spectrometer is the dispersive
element, which is a grating for the XUV spectral range. The
dispersion can be described by the grating equation

sinﬁ:sina+q-§, 1)

where « is the incidence angle measured relative to the nor-
mal vector of the grating surface. B, q, 4, and d are the
deflection angles, the diffraction order, the wavelength, and
the grating constant, respectively. For gratings on a con-
cave substrate, wavelengths are focused on the Rowland cir-
cle.?! Better adapted to modern XUV detectors are variable
line-spacing (VLS) gratings, which focus the spectrum in a
plane (a so-called flat-field).?>?*> The gratings are optimized
for a specific geometry, i.e., XUV source size, beam diver-
gence, bandwidth, source-to-grating distance, detector-to-
grating distance, angle of incidence, and flat-field plane. Low
stray light VLS gratings are commercially available, for exam-
ple, from Hitachi, Shimadzu, and Horiba. A commonly used
VLS grating from Hitachi for 5-20 nm has the following spec-
ifications: source-to-grating distance of 237 mm, detector-
to-grating distance of 235 mm, incidence angle of @ = 87°,
and groove density of 1/d = 1200 lines/mm. The VLS grat-
ing has a gold coating and is blazed to achieve a diffraction
efficiency of >10% in the first diffraction order.?* According
to ray-tracing simulations and the design geometry, a the-
oretical resolution R = 1/A1 ~ 2300 can be obtained for a
source size of 10 um. In general, an increased source size leads
to a reduction in resolution. For the optimization of the XUV
spectrometer efficiency and additional focusing in the nondis-
persive direction, we performed extensive ray-tracing simula-
tions using the ZEMAX software. For a spectrometer geometry
that utilizes the VLS grating and a focusing mirror in grazing
incidence, the source-to-grating distance must be increased.
While the optimization should lead to a high collection
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efficiency, the resolution should remain as high as possible. In
a first step, we calculated the spectral resolution R for every
wavelength in a wide range of the grating-to-source distances
Zgrat Of 200-1000 mm, grating angles agrat of 83°-87.5°, and
grating-to-camera distances zccp of 100-400 mm. Based on
the results, we calculated the optimum position of the camera,
i.e., grating-to-camera distance zccp and the flat-field angle
accp with the best resolution over the entire spectrum. The
average resolution as a function of the grating distance and
grating angle is plotted in Fig. 2. We found that the longer the
grating-to-source distance is, the steeper the incidence angle
needs to be. In a final step, the position z., and curvature .y
of the collector optics are optimized for the best geometries.
A source-to-grating distance of ~850 mm and a grating inci-
dence angle of 84.75° were chosen to adapt the XUV spectrom-
eter to the XCT setup. In this geometry, the flat-field plane is
tilted by ~31.6°, the sagittal curvature of the cylindrical mirror
is R = 6375 mm, and its incidence angle is 85°. Theoretically,
for a point-like XUV source and a detector with infinite spatial
resolution, a spectral resolution of 0.003 nm (at 20 nm, 62 eV)
corresponding to 0.01 eV could be obtained for this geom-
etry. It is worth noting that the high resolution can also be
obtained for considerably smaller source-to-grating distances
Zgrat. The detector should then be tilted less at the position
of the flat-field plane. Typically, microchannel plates (MCP)
or charge-coupled device (CCD) cameras are used as detec-
tors for XUV spectrometers. The pixel size of XUV cameras is
13.5 um (CCD chips produced by Teledyne e2v). According
to the ray-tracing simulations, the resolution decreases to
0.01nm or 0.03 eV (at 20 nm, 62 eV) for this pixel size. We also
performed ray-tracing simulations with ZEMAX for a source
size of 48 um in the horizontal direction and 135 um in the
vertical direction, which corresponds to our measured XUV
focus at the position of the XCT sample. We thus can expect
a spectral resolution of 1/A1 ~ 700-900 (at 20 nm) with this
XUV spot or XUV source size.

All spectrometer components should be integrated in a
vacuum housing with reasonable footprint and weight that
can be attached to a vacuum chamber. We constructed a

1000
800
£
E 600
o
(=2}
N

angle 90 °-«

grat [o]
FIG. 2. The average spectral resolution (in eV) within 12-41 nm is plotted for dif-
ferent source-to-grating distances zy¢ and grating incidence angles agrt. The
optimum working point for our XCT setup is indicated with the red dashed cross.
The spectral resolution for this geometry is below AE < 0.04 eV.
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imag i ng grating/detector ~ 360
module filter module ~60

imaging module ~ 300

grating/detector module

incoming XUV beam

FIG. 3. The XUV spectrometer contains several attachable modules. The essential
components of the spectrometer are detector module (gray), which positions the
camera in the flat-field plane, and the grating module (blue), which contains the
VLS grating and a plane mirror for the beam inspection mode. The filter module
(orange) contains thin metal filters that block visible radiation (e.g., laser light in
the vacuum chamber). The imaging module (violet) holds a focusing mirror for the
imaging spectrometer mode and a plane mirror. The inset shows the lengths of the
modules.

compact and versatile vacuum housing; see Fig. 3. By using
ConFlat (CF) flanges, the spectrometer vacuum housing can
reach an ultra high vacuum (UHV) of around ~10~° mbar. The
essential vacuum parts of the spectrometer housing are the
camera module, the grating module, the imaging module, and
the filter module. The grating and the mirrors can be precisely
positioned and aligned using motorized stages. Moreover, it
should be possible to switch between the different operation
modes without venting. The filter module allows switching
between of up to three different metal filters that block opti-
cal light. Windows allow visual inspection of the fragile metal
filters without venting the spectrometer.

IV. SPECTROMETER USAGE AND OPERATION MODES

The XUV spectrometer is first aligned in the (1) XUV beam
inspection mode with a pilot laser. Therefore the two plane
mirrors are inserted. The mirrors are coated with boron car-
bide to provide high reflectivity over the XUV bandwidth. The
angle of incidence on the plane mirrors can be aligned using
motorized stages. In the XUV beam inspection mode, the XUV
beam can be directly investigated using a large CCD camera.
The mirror apertures limit the angular acceptance to 6 mrad in
the meridional direction and 12 mrad in the sagittal direction.

The second plane mirror can be replaced by the VLS grat-
ing using motorized stages. In this mode (2), the spectrum is
obtained in the vertical direction, while the beam profile can
be measured in the horizontal direction. The resolution of the
spectrometer is optimized with a motorized tilt stage. It is
worth noting that, in principle, every source-to-grating dis-
tance >120 mm can be used when the grating angle is aligned
accordingly.

In the third operation mode (3), the first plane mir-
ror is replaced by the focusing mirror such that the XUV
beam is focused in the horizontal direction. The focused XUV
spectrum leads to a strongly reduced exposure time and a
high signal-to-noise ratio. In the following, HHG spectra are
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presented which were measured with the XUV spectrometer
using the different operation modes.

The harmonics are generated by femtosecond laser
pulses, either with a Ti:Sa laser system at 800 nm with 1 kHz,
and 2.6 W, or an optical parametric amplifier at 1300 nm with
1kHz, and 2.4 W (HE-TOPAS, Light Conversion, Lithuania). The
latter has the advantage that the driving laser wavelength can
be swept automatically, and a quasi-continuous broadband
XUV source is achieved at sufficient exposure times.'“

An angularly resolved HHG spectrum is shown in Fig. 4.
Here, 800 nm driving laser pulses with 35 fs were focused by
an off-axis parabola (focal length 75 cm) into an argon gas jet.
Although the unfocused high-harmonic beam covers almost
the full size of the CCD of 512 x 2048 pixels, the divergence of
the individual high harmonics can be measured. For example,
the harmonic at ~38.7 eV has a FWHM of ~246 pixels, which
leads to a divergence (number of pixel x pixel size/CCD-
source distance) of 246 x 13.5 um/1.1 m ~ 3 mrad. By con-
trast, the harmonic ~69.7 eV has a divergence of ~6.6 mrad.
The spherical shape of the grating and the wavelength depen-
dent distances to the detector are taken into account in this
measurement.

For measuring faint XUV sources or low signals such as
in XCT, the operation mode with the focusing mirror provides
the highest sensitivity and signal-to-noise ratio. A high har-
monic spectrum recorded with the 1300 nm driver is shown

100
200

pixel

400

500

500 1000 1500
pixel

2000

N w
T T
L L

N

counts in arb. u.

e M UUUULL

photon energy in eV

FIG. 4. An angularly resolved high harmonic spectrum is recorded with T-REXS
using an 800 nm TiSa laser. The upper image shows the raw data recorded with
an Andor Newton DO940 CCD camera. The exposure time is 4 s. The divergence
of the high harmonic beam can be investigated using the vertical dimension. The
low-order harmonics have a FWHM divergence of 3 mrad, while the higher orders
have a divergence of ~6.6 mrad. A spectrum of the HHG beam is obtained by
vertical integration or vertical binning (lower image).
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FIG. 5. A HHG spectrum is recorded using the focusing mirror and the 1300 nm
driving laser. The XUV beam is focused down to a few pixels on the CCD camera.
This leads to a short exposure time of 0.6 s. This operation mode has the highest
sensitivity and is typically used for XCT measurements.

in Fig. 5. The XUV beam is focused to a few pixels in the
nondispersive direction, while the spectral resolution is not
altered.

V. XCT MEASUREMENTS

For the XCT measurements, high harmonics are gener-
ated using the 1300 nm driving laser. By sweeping the fun-
damental laser wavelength (of the HHG process), the time
averaged XUV spectrum becomes continuous and smooth.'“
The XUV flux is around ~108 photons /(s eV) within 30-70 eV.
The XUV beam is focused via a toroidal mirror (focal length
1 m) onto the nanostructured layered sample. Its broadband
reflectivity is measured with T-REXS using the focusing oper-
ation mode. An XCT signal from a sample which contains two
gold layers (230 nm and 330 nm under the surface) and an
oxide layer (at 160 nm) is shown in Fig. 6. The exposure time
is 5 s. The XUV spectrum is strongly modulated due to the
spectral interference of the surface reflection and the buried
layers. The depth structure can be retrieved by applying a
Fourier-transform on the measured spectrum. The XCT mea-
surement can be improved further by using a spectral phase
retrieval algorithm. For details of the XCT depth reconstruc-
tion, see the work of Fuchs et al.'> The depth structure of
the sample is shown in Fig. 6. In the XCT postprocessing, the
spectral phase retrieval requires a constant spectral sensitiv-
ity for the entire bandwidth which was not fulfilled by our
previous transmission grating spectrometer.'® It is worth not-
ing that XCT data measured with T-REXS do not require time
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FIG. 6. Upper graph: The plot shows the spectral modulation of the sample mea-
sured by the T-REXS. Lower graph: The retrieved depth signal of two gold layers
buried under silicon including the autocorrelation artifacts (blue) is shown. The use
of the phase retrieval algorithm of XCT removes the autocorrelation artifacts near
100 nm (red). The gold layers are located at 230 nm and 330 nm. An oxide layer
is found at 160 nm.

consuming signal postprocessing which strongly simplifies the
XCT data analysis.

VI. RESOLUTION

We consider an XUV spectrum S(Q) or with k = 27 /2, S(k)
that is measured by using a spectrometer with finite resolu-
tion. This can be expressed mathematically by the convolution
S(k) = F(k)*R(k) of the initial spectrum F{k) and a function
R(k) o< exp (—41n2(k — ko)?/(AR)?) that describes the resolution
Ak. When a Fourier-transform (FT) is applied, the convolution
in spectral domain becomes a multiplication in spatial domain,
i.e., FT[S(k)] = FT[F(k)] - FT[R(k)]. The Fourier-transform of
the resolution function is also a Gaussian, which is referred
to as the Fourier-transform resolution (FTR = [FT[R(k)]|). The
width of the resolution function and the width of the FTR are
connected through a relation Ak - Ax = const. In the context of
spectral interferometry,?>-27 slow spectral oscillations in S(2)
or S(k) correspond to small distances in the spatial domain
and fast spectral oscillations correspond to large distances. As
a consequence, fast oscillating spectral features require high
spectral resolution.

In the XCT technique, we measure spectral modulations
over a large bandwidth whereby higher modulation frequen-
cies in the spectrum correspond to deeper layers of a sam-
ple. These spectral interferograms can be exploited for a FTR
resolution test.

For spectrometers with infinite resolution, the FTR would
be a constant, FTR = 1. Due to the decreasing diffraction angle
for shorter wavelengths, the spectrum is not equidistant in
the detector plane. Accordingly, the spectrometer resolution
effectively limits the bandwidth and thus the maximum depth.
In addition, the finite spectrometer resolution reduces the
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FIG. 7. Principle of the broad bandwidth resolution test: (a) A thin foil is placed
in front of a silicon wafer. A small foil-to-surface distance introduces slow spectral
oscillations in the spectrometer. (b) Larger foil-to-sample distances lead to faster
spectral oscillations. For increasing distances, the resolution R(k) reduces the
ability to resolve the fast oscillations. A scan of the foil-to-surface distance allows
a measurement of the FTR.

modulation depth of the spectral modulation. The contrast of
the XCT depth structure is thus lowered.

For determining the resolution using the FTR, a nm-thin
foil (30 nm Si3Ny) is placed in front of a silicon wafer. The
foil-to-surface distance can be varied using piezoactuators. A
continuous, smooth XUV spectrum is used for this measure-
ment.'* A scan of the foil distance is performed while mea-
suring the spectral interferogram with the T-REXS. We thus
obtain a measurement of the FTR. The experimental setup for
the resolution is shown in Fig. 7. Before we discuss the result
of the measurement, we first model the FTR; see Fig. 8. We
assume an FTR width of Ax = 2 um,

2
FTR < exp(-4In2——] . 2
<exp(-4n2 ) @
The resolution in spectral domain is calculated via a Fourier
transform,

4In2

AE = hicAk = hc . )
TAX

< 120 , , , , ,

S, 100 500 nm ]

fnd 1000 nm

- so0f 1500 nm |
2000 nm

E 60 Gaussian decay |

(2]

S 40t ]

c

8 20 | J

£ ~—

® 0 L aa—

500 1000 1500 2000 2500 3000
foil-to-surface distance [nm]

FIG. 8. A simulated FTR and the decay of the simulated contrast for different
foil-to-surface distances are shown (500, 1000, 1500, and 2000 nm). Due to
the finite resolution of a spectrometer, the signal decreases with increasing dis-
tance. The FWHM width Ax = 2 um of the FTR corresponds to a resolution of
AE = 0.087 eV.
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FIG. 9. Measurement of the FTR with T-REXS decreases over the depth. The
foil-to-surface distance was scanned in the range of 1-2 um. Every data point
is an average of 10 exposures. The error bars are represented by the stan-
dard deviation. The FWHM of the FTR is found to be Ax = 2.2 + 0.2 um or
AE =0.080 + 0.009 eV which corresponds to a resolving power R = k/Ak
=A/AA =E/AE > 784 + 89 (at62 eV, 20 nm).

For the present example, this leads to a resolution of
AE = 0.087eV in a bandwidth of 30-70 eV. We performed the
measurement of the FTR and varied the foil-to-surface dis-
tance in a range of 1-2 um. Shorter distances could not be
reached due to mechanical constraints. For each distance, a
broad spectrum in the range of 30-70 eV is recorded with the
T-REXS. The resulting FTR measurement is shown in Fig. 9.
Each point in the graph represents the average of 10 expo-
sures. The error bars are obtained by the standard deviation.
Due to fluctuations in laser power and vibration of the nm-
thin foil, the error bars are relatively large. The noise level
is given by the residual modulations of the harmonic spec-
trum. We achieved a signal-to-noise ratio which is better than
1.88. A Gaussian curve is fitted to the data points providing
a FWHM width of Ax = 2.2 + 0.2 ym. This corresponds to a
resolution of AE = 0.080 + 0.009 eV and a resolving power of
R = E/AE = 2/AA x 784 + 89. Here, we used 62 eV (20 nm)
for the calculation of the resolving power. The error of the
resolution measurement is determined by the 95% confidence
interval of the Gaussian fit. The measured resolution is in good
agreement with the expectations from ray-tracing simulations
assuming an XUV source size of approximately 100 pm.

VII. CONCLUSION

We presented a high-resolution high-efficiency XUV
spectrometer that is optimized for the characterization of
HHG beams and the cross-sectional imaging technique XCT.
An approach for determining the resolution over a large band-
width has been presented that is based on Fourier-transform
spectroscopy. The measurements make use of a nm-thin free-
standing foil such that spectral modulations are introduced in
dependence of different foil positions. The resolving power
was estimated at 1/AA = 784 + 89 at 20 nm for an extended
XUV source of around 100 um. However, positioning the foil
is challenging and thus results in relatively large error bars.
On the other hand, raytracing simulations indicate that the
determined resolution can be expected at this XUV source
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size. Due to the high performance over a large spectral range
in the XUV spectral range, the spectrometer is highly suited
for high harmonic spectroscopy and spectral interferometry in
the XUV spectral range. Motorized stages and vacuum manip-
ulators allow for switching the different operation modes and
for alignment of the XUV spectrometer in vacuum. The spec-
trum and the beaming of the XUV radiation can be studied
by three different operation modes: (1) measurement of the
direct XUV beam, (2) measurement of the angularly resolved
XUV spectrum, and (3) imaging spectroscopy using a focus-
ing mirror. In the third operation mode, the highest sensitiv-
ity and signal-to-noise ratio are achieved. This is particularly
important for low signal applications such as XCT. Respective
measurements performed with T-REXS demonstrate its high
performance and considerable improvements in comparison
with the previously used spectrometer.
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