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ABSTRACT
We present a laser-driven, bright, and broadband (50 to 1500 eV) soft-x-ray plasma source with <10 ps pulse duration. This source is employed
in two complementary, laboratory-scale beamlines for time-resolved, magnetic resonant scattering and spectroscopy, as well as near-edge
x-ray absorption fine-structure (NEXAFS) spectroscopy. In both beamlines, dedicated reflection zone plates (RZPs) are used as single optical
elements to capture, disperse, and focus the soft x rays, reaching resolving powers up to E/ΔE > 1000, with hybrid RZPs at the NEXAFS
beamline retaining a consistent E/ΔE > 500 throughout the full spectral range, allowing for time-efficient data acquisition. We demonstrate
the versatility and performance of our setup by a selection of soft-x-ray spectroscopy and scattering experiments, which so far have not
been possible on a laboratory scale. Excellent data quality, combined with experimental flexibility, renders our approach a true alternative to
large-scale facilities, such as synchrotron-radiation sources and free-electron lasers.

© 2023 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/10.1063/5.0151613

I. INTRODUCTION

The soft-x-ray range provides unique spectral fingerprints for
a plethora of microscopic processes relevant to physics, material
science, chemistry, and biology. By covering the absorption K-
edges of the organic elements O, N, and C, as well as the L- and
M-edges of most transition metals (TMs) and rare earths (REs),
respectively, soft x rays are an indispensable tool for studying, e.g.,
photosynthesis,1 catalysis,2–4 materials for batteries,5 solar cells,6,7 or
magnetism.8–10 In addition to the spectral sensitivity, the short wave-
lengths of soft x rays enable scattering techniques to access spatial

information on the nanometer scale. Until recently, soft x rays
have been exclusively available at large-scale facilities such as
synchrotron-radiation facilities or free-electron lasers (FELs) for
such experiments. The intrinsic pulse duration of these sources,
ranging from hundreds of picoseconds down to few-femtoseconds,
allowed for a variety of time-resolved studies of photo-induced
dynamics using soft x rays.11,12 Due to the limitations in access
and flexibility of large-scale facilities and driven by the continu-
ous development of high-power, ultrashort optical laser systems,
new laboratory sources have been developed, covering the soft-x-ray
spectral range. While higher harmonic generation (HHG) sources
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are readily covering the photon energy range up to the water window
at photon energies of E = 280–530 eV,13–17 time-resolved experi-
ments above this range have not been possible in a laser laboratory,
so far.

In this work, we describe a tabletop setup for picosecond soft-x-
ray resonant scattering and spectroscopy experiments, well beyond
the water window. For that, we employ the broadband emission of
a laser-driven plasma x-ray source (PXS) from E = 50–1500 eV.
We developed and installed two complementary beamlines, both
relying on custom reflection zone plate (RZP) optics for the soft-
x-ray regime, which capture, disperse, and focus a large part of the
generated broadband radiation. The first beamline is designed to
study magnetic materials by means of magnetization-sensitive spec-
troscopy and resonant magnetic scattering techniques. Its endstation
hosts the necessary goniometer, cryostat, and electromagnet for
accessing reciprocal space and for full environmental control of the
magnetic samples. The second beamline is specifically tailored for
near-edge x-ray absorption fine structure (NEXAFS) spectroscopy,
covering a spectral range of up to 300 eV in a single acquisition
with a remarkable spectral resolution of E/ΔE = 500–1000 eV by
using a hybrid RZP design on curved substrates.18 Both beamlines
allow for optical excitation of the samples via synchronized pump
laser pulses.

II. SETUP
First attempts to study laser-produced plasmas as potential

soft-x-ray sources for applications in spectroscopy and imaging
date back to the 1970s.19,20 Later, their development received a
major boost from the industry demanding new short-wavelength

and monochromatic light sources for lithography.21,22 The appli-
cation of a PXS for spectroscopy and resonant scattering in the
soft-x-ray regime, however, requires a bright and quasi-continuous
emission spectrum as achieved by solid-state target systems based
on high-atomic number materials.23,24 Here, we extend this princi-
ple beyond typical driver lasers with nano- or sub-nanosecond pulse
duration25–27 by employing picosecond pulses from a high pulse-
power thin-disk laser system onto metallic targets, such as tungsten.
The generated plasma delivers a high photon flux in the soft-x-
ray range from E = 50–1500 eV and enables ultrafast pump-probe
experiments with a temporal resolution of <10 ps.28 Comparable
to large-scale facilities, the operation of the PXS and its beamlines
requires a multitude of hard- and software components to work
together in a safe and reliable way. In Secs. II A–II D, we describe
the type of implementation and specifications of the most important
components, which are also depicted in the schematic overview in
Fig. 1.

A. Laser system
The driving laser is an in-house-developed thin-disk laser sys-

tem,29 designed to deliver high pulse energies at a remarkable
stability (>220 mJ ± <0.2% [rms]) at 100 Hz repetition rate and
a wavelength of 1030 nm, cf. Fig. 1. Its frontend is based on an
Yb:KGW oscillator, emitting laser pulses in the nJ energy range with
100 fs pulse duration. A pulse picker reduces the repetition rate from
80 MHz down to 100 Hz and the remaining pulses are stretched
in time30 by a grating stretcher prior to pre-amplification to about
1 mJ by a Yb:KGW regenerative amplifier. Afterward, the beam is
enlarged and fed into the main regenerative amplifier stage, based
on a 500 μm thin Yb:YAG disk with a diameter of 14 mm, with the

FIG. 1. Schematic overview of the laboratory setup with laser components, optical path, and beamlines for magnetism (top) and NEXAFS spectroscopy. (a) Amplified laser
pulses are separated at a beamsplitter (BS) into a driving beam for the plasma generation and a delayable pump beam, both to be sent into either beamline. The driving
beam is focused onto a metallic target (vacuum of <1 × 10−5 mbar, blue outline), emitting soft x rays into the full solid angle, captured, focused, and dispersed by reflection
zone plate (RZP) arrays. (b) Side view of the magnetism end station, featuring an optional magnetic thin film polarizer or variable slit, an on-vacuum electromagnet with
its magnetic poles feeding into the vacuum, and a closed-cycle He-cryostat. A slow-readout in-vacuum charge-coupled device (CCD) camera on a 2-θ goniometer or a
kHz-readout on-vacuum hybrid detector on the far end of the chamber is used to detect transmitted or scattered soft x rays. (c) Typical detector images for the NEXAFS (left)
and magnetism (right) beamline. The plane of dispersion between both beamlines is rotated due to the different orientations of the RZP arrays.
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center 10 mm pumped by two 1 J/ms diode banks via fiber cou-
plers. The uncompressed pulses reach energies of up to >220 mJ
with a bandwidth of 1 nm full width at half maximum (FWHM)
and a duration of 1 ns FWHM. Finally, the beam is spatially
cleaned by passing through a pinhole and its diameter is enlarged
by a factor of five to about 25 mm FWHM before being tempo-
rally compressed by a grating compressor down to 1.8 ps FWHM
with a transmission efficiency of ≈80% yielding a pulse energy
of ≈180 mJ.

For optimizing the data acquisition in terms of speed and signal
to noise, and for minimizing the debris generation of the PXS, it is
essential to generate well-defined and synchronizable single pulses
or pulse trains with the thin-disk laser; see Secs. II B and II C. For
this, we combine a fast shutter (SH05R/M with SC10 controller,
Thorlabs, Inc.), blocking the lower power seed beam before the thin-
disk amplifier with slower motorized flip-mirror mounts, guiding
the amplified laser after the thin-disk amplifier into a beam dump
outside the laser when not used in the experiments. With this com-
bination, we are able to minimize unseeded periods of the thin-disk
laser, avoiding thermal non-equilibrium, while enabling also flexible
pulse sequences to excite the PXS targets.

The compressed laser pulses are further split into a driving
beam for the PXS (175 mJ pulse energy) and a pump beam for photo-
exciting the samples (5 mJ pulse energy) via a rotatable half-wave
plate and a subsequent polarization-dependent beamsplitter. The
pump beam can be delayed by traversing up to 2 m of the additional
optical path (6.6 ns) along a linear, motorized delay line, incorpo-
rating pointing-stabilization by stepper-piezo dual mirrors (Aligna
4D, TEM Messtechnik GmbH). Prior to entering the vacuum, the
PXS driving beam is first enlarged by a 1:2 telescope to a diameter
of ≈50 mm FWHM and eventually focused to a spot size of 15 μm
FWHM onto a metal target to create the plasma; see Sec. II B. Both
the PXS driving laser and the probe laser beams can be directed into
either beamline by mechanical flip mirrors.

B. Soft-x-ray generation
At the focus of the optical laser, we reach peak intensities of

over 5 × 1016 W/cm2 that ionize the solid target material, igniting a
plasma. In the excited plasma, line emissions and stochastic recom-
binations take place, which together with Bremsstrahlung result in
an emission of incoherent, unpolarized soft-x-ray radiation covering
a wide spectral range into the full solid angle.

Figure 2 shows the emission spectra from W and Cu targets
obtained with a spectrometer setup, recently calibrated at the Ger-
man National Metrology Institute (PTB Berlin).31 For tungsten, with
its high atomic order number, the emission lines are merged into
a continuum spanning the spectral range from 50 to 1500 eV. We
observe a photon flux of 1 × 108 photons/s/mm2/mrad2/0.1% for
high energies, increasing by more than two orders of magnitude to
2 × 1010 photons/s/mm2/mrad2/0.1% for lower photon energies. In
contrast, the emission spectrum of copper is composed of discrete
emission lines, however, with a significantly higher photon flux than
the continuous spectrum of tungsten.

The metal targets are solid cylinders with a diameter of 50 mm
and a length of 100 mm, made of pure metallic (>99.95%) tung-
sten, copper, or iron. Alternatively, foils of different materials can
be attached to the cylinder.

FIG. 2. Calibrated emission spectral measurements for Cu and W targets. Cu pro-
duces a line spectrum and W produces a quasi-continuous spectrum. Brilliance is
calculated by assuming an average multi-shot spot diameter of 70 μm (FWHM);
see Fig. 3(b). The peak brilliance is calculated using the maximum pulse duration
of 10 ps, the source repetition rate of 100 Hz, and a minimum single-shot spot
diameter of 30 μm (FWHM).

Due to the peak intensity of the laser, the top layer of the target
is ablated for every single laser pulse, leaving a hemispherical crater
with a diameter two to five times larger than the optical focus. To
cope with the ablation craters on the surface of the target cylinders,
we rotate them to avoid exposing the same spot on their surface with
subsequent laser pulses. By additional translation of the cylinder
along its rotation axis up to 2000 non-overlapping laser-cut groves
along the cylinder’s circumference fit onto one target, assuming an
average crater size of 50 μm (FWHM). Without hitting the same spot
twice, one target hence allows for more than 17 h of continuous mea-
surement time. We typically prolong this time by one to two orders
of magnitude by hitting target areas multiple times. However, such
subsequent overlapping shots show a reduced photon flux, a change
in the source position (pointing), and an increased source size of the
soft-x-ray emission spot by defocusing. In addition, laser pointing
fluctuations, mechanical instabilities, and imperfections of the target
material affect the soft-x-ray emission spot.

The divergent soft-x-ray emission from the target is captured
by Fresnel RZPs, which disperse the light along the plane of reflec-
tion, such as standard reflection gratings. However, in addition,
these RZPs on planar substrates spatially focus the light in the per-
pendicular direction, with the tightest focus achieved for a specific
design energy. Photons, whose energy matches this design energy,
experience the highest spectral and spatial resolution, with all oth-
ers focused less, yielding a distinct hourglass shape, as shown in
the right part of Fig. 1(c). The focusing power of the RZPs is fur-
ther dependent on the spot size and instabilities are translated into
a decreased spectral resolution, as well as a pointing fluctuation
of the soft-x-ray focus. Using curved instead of planar substrates
yields a consistently high spectral resolution and focus size across
a large spectral range, as shown in the left part of Fig. 1(c), as
discussed in more detail in Sec. IV. The RZPs are mounted hori-
zontally in the magnetism beamline and vertically in the NEXAFS
beamline.

To quantify the instabilities in source size and pointing, we used
a pinhole camera setup that images the source onto a detector with
a magnification of 6.5 for different integration times, as shown in
Figs. 3(a) and 3(b), respectively. By using a 500 nm aluminum filter
and a 900 nm Mylar foil (see below), only photons with energies
E > 300 eV are transmitted toward the detector.
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FIG. 3. Fluctuation of the soft-x-ray source in (a) spatial pointing and (b) source
size (FWHM) for different integration times: 20 ms (2 shots, red) vs 2830 ms (283
shots, blue) per data point. The blue arrow in (a) indicates a drift of the target spot
for repeated measurements.

As the laser is cutting a deeper grove into the target, the source
spot position drifts over time, as indicated by the blue arrow in
Fig. 3(a). For small integration times, e.g., 20 ms (2shots), a source
size of (28 ± 11) μm × (38 ± 9) μm FWHM is observed, as seen in
Fig. 3(b). For longer integration times, e.g., ≈3 s (283 shots), the fluc-
tuations of pointing and de-focusing sum up to a bigger source size
of (62 ± 4) μm × (57 ± 3) μm FWHM, influencing the energy res-
olution of the subsequent RZP optics. These spectral drifts can be
adjusted by minimizing the integration time (i.e., single or few shots)
per acquisition and applying a drift correction of the individual
spectra before averaging. In addition, the perpendicular translation
stage allows us to move the target into the laser focus to correct for
possible laser drifts.

As a by-product of the target ablation, the soft-x-ray emission
is accompanied by debris of the target material, emitted in a wide
cone, predominantly in the direction normal to the target, coat-
ing all surfaces in the surrounding. We implement different filter
materials in order to prevent the optical components for the laser
(entrance windows) and the soft-x-ray optics (RZPs) from being
coated with the metallic debris. The entrance windows of the mag-
netism beamline are protected by a tape spooling device for optically
transparent 50 μm-thin films of polyester, allowing for multiple
weeks of operation. To test an additional approach for handling
the debris, we employ a 100 μm-thin large aperture glass plate at
the NEXAFS beamline, which is cleaned by the high intensity of
subsequent laser pulses. In order to protect the RZP optics from
debris, large-aperture (75 × 75 mm2

) freestanding foils of mylar
(thickness 900 nm) are placed between the PXS and RZP. Alter-
natively, free-standing (50 × 50 mm2

) in-house-grown filters of,
e.g., Al, Zr, or 3d (Fe, Co, Ni) and 5 f (Gd, Dy, Tb) metals with
thicknesses of 100–2000 nm can be used, which block most of the
residual laser fundamental and also act as defined spectral filters in
the soft-x-ray range.

C. Timing and synchronization
For both beamlines, we use area detectors to acquire broad

white-light spectra or spatially extended scattering profiles. While
CCDs are typically slow in read-out, they feature low electronic
noise. In contrast, complementary metal–oxide–semiconductor
(CMOS) and hybrid-pixel32 detectors enable fast read-out up to
true-kHz frame rates enabling shot-to-shot acquisition at the full

FIG. 4. Typical timing and synchronization scheme for both beamlines. (a) The
100 Hz laser trigger and (b) the CCD state are inputs of the PiLC. (c) The PiLC
outputs a well-defined TTL gate for seeding the thin-disk laser. (d) Additionally, a
defined number of 100 Hz trigger pulses only within the laser shutter gate can be
output for fast detectors.

100 Hz repetition rate of the PXS. Here, it is essential to synchronize
the PXS and the detectors such that a defined number of soft-x-ray
pulses can be acquired. In addition, the soft-x-ray source must be
blocked during read-out of the detectors, which is accomplished by
a fast mechanical shutter in the driving laser; see Sec. II A. In order
to realize the complex triggering and timing scheme, we employ a
programmable-logic controller, based on a field-programmable gate
array (FPGA), combined with a single-board computer (PiLC).33

The PiLC features up to 16 input/output (IO) cards that we con-
figured as digital IO with TTL level and interconnected them with
typical logical operations via programming of the FPGA. The trigger
scheme, as depicted in Fig. 4, shows the timing of laser trigger input,
CCD input, and outputs to the laser shutter and fast detectors, such
as CMOS, and hybrid-pixel detectors or digitizers for point detec-
tors (photodiodes). For the CCD camera, we noticed a very large
jitter when externally triggered, rendering single-pulse picking at
100 Hz impossible. We, therefore, use the CCD output indicating
its integration period (TTL gate) as an input for the PiLC to enable
the PXS during that period. The actual integration time of the CCD
is typically extended by 20 ms to allow for delays of the mechani-
cal shutter. During acquisitions without the CCD, the mechanical
shutter is directly controlled by the PiLC to open for the next upcom-
ing laser pulse. Detectors working at the full 100 Hz repetition rate
receive the laser trigger signal that is gated by the opening window
of the laser shutter.

D. Control system and data acquisition
The operation of the setup presented is a complex task, as it

requires the interplay of more than 50 devices, which are part of the
laser, PXS, beamline, timing and synchronization, sample environ-
ment, as well as detection equipment. In order to ease the control,
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configuration, and monitoring of this hardware, as well as the imple-
mentation of several software devices, we chose the free and open-
source control system TANGO.34 Within the TANGO framework,
we benefit from experience and support by a community from large-
scale facilities as well as from other comparable laboratory-scale
experiments. In addition to the actual TANGO software bus, this
includes specific software components, e.g., for building graphical
user interfaces (synoptics), archiving and alarm systems, as well as
ready-to-use drivers for many common hardware components—all
provided with bindings to popular programming languages, such as
C++, Java, Python, MATLAB, or LabView. In addition, TANGO has
very low computing requirements and can be easily installed and run
on popular single-board computers on different operating systems,
such as Linux.

Based on the implementation of all hardware communica-
tion using the TANGO framework, we implemented the free and
open-source Sardana software suite35 for the actual data acqui-
sition. Sardana handles the synchronized motion and acquisition
of multiple motors and detectors, respectively. It further offers a
flexible graphical user and command-line interface to define com-
plex types of scans, such as scanning multiple motors, mesh scans,
continuous/fly scans,36 or reciprocal space scans. Sardana provides
standardized data file handling, such as SPEC37 and NeXus38 file
formats, and offers a macro-engine, which allows for user-defined
measurement routines as well as for easy extension of its core func-
tionalities. We use the later capability extensively to automatically
switch between different operation modes of the laser and PXS, as
well as to change the time and synchronization settings of the detec-
tion hardware depending on the current experiment at one of the
two beamlines. With the level of automation, we minimize sources
of error and make it easy for new users to carry out sophisticated
measurements.

III. MAGNETISM BEAMLINE
With its broadband emission in the soft-x-ray range, the PXS

is perfectly suited for magnetism research, covering the relevant TM
L2,3 − (2p→ 3d) and the RE element M4,5 − (3d → 4 f ) absorption
edges. For this, we set up a dedicated beamline [cf. Fig. 1(a) top] to
carry out time-resolved resonant magnetic x-ray scattering (RMXS),
as well as white-light x-ray magnetic circular dichroism (XMCD)
spectroscopy at the TM L-edges in a laboratory environment, as
discussed in Secs. III A and III B, respectively.

This beamline features an array of RZPs, each capable of cap-
turing, dispersing, and focusing a specific bandwidth of the PXS
spectrum to a focal plane inside the beamline’s endstation. Here,
three RZPs are mounted side-by-side on a five-axis in-vacuum
manipulator with rapid alignment and switching capabilities. All
RZPs are manufactured on planar substrates by electron-beam
lithography, covered by a gold coating39,40 with an angle of incidence
of α = 2○ and an angle of reflection for the first order of β = 3.6○. The
distance of the RZP array to the source of 1000 mm is a compromise
between collecting a large solid angle of the PXS emission vs opti-
mizing the focusing and resolving powers of the RZPs. We chose the
focusing distance of all RZPs as fRZP = 4000 mm resulting in a nom-
inal magnification of the PXS source spot by a factor of four in the
focal plane to about 200 μm FWHM with E/ΔE > 500. Here, the res-
olution is limited by the size of the soft-x-ray spot on the target and

its fluctuations. A trade-off between target usage and measurement
speed on one hand and high energy resolution and stability, on the
other hand, has to be made (cf. Fig. 3). When investigating materi-
als with featureless absorption peaks, like the L3 peak in pure Fe, for
spectroscopy or scattering experiments, a lower resolution is accept-
able. Reading out the detectors as fast as possible and shifting the
resulting spectra, as demonstrated in our previous publication,41 can
mitigate the additional decrease in spectral resolution from point-
ing fluctuations. With typical absorption peaks featuring a spectral
width of >1 eV and typical optical excitation spot sizes in the order
of mm2, the spectral resolution and the focus size are well suited for
time-resolved scattering experiments, which also benefit from the
very low divergence of the soft-x-ray beam of only 0.5 mrad due to
the large focal length fRZP.

The RZPs are aligned such that their exit beam lies within the
horizontal plane, which is equivalent to the scattering plane of the
endstation while the RZP’s dispersion direction is vertical. The typ-
ical hourglass-like x-ray distribution in the focus plane of the RZPs
is sketched in the right part of Fig. 1(c), revealing the smallest spa-
tial and spectral focus only for the specific design energy of each
RZP. However, by slight detuning of the RZP’s pitch angle,42 using a
piezo-driven goniometer (SGO-60.5, SmarAct GmbH), it is possible
to vertically shift the x-ray pattern with an accuracy of <100 meV, as
well as to move the spectral focus slightly off its design energy. The
relevant parameters of all RZPs available for the magnetism beam-
line are listed in Table I. Here, we also provide an estimate for the
detectable photon flux at the sample position, taking the source flux,
solid angle covered by the RZP, as well as the RZP’s efficiencies into
account.

The beamline’s endstation features a flexible design to enable
different magnetic scattering and spectroscopy techniques. The cen-
ter of the vacuum chamber (≈900 mm diameter) is placed 120 mm
behind the RZPs’ focus. Exactly at the focus, a variable horizon-
tal slit is mounted to achieve the optimal monochromatization of
the soft-x-ray spectrum. We added large SiC photodiodes (SG01XL,
sglux GmbH) with an area of 7.6 mm2 to each slit blade as close
as possible to its gap. Both diodes are used for the normalization
of the incoming soft-x-ray flux by detecting the blocked part of the
spectrum at the slit. The SiC diodes are intrinsically insensitive to
any residual optical laser light in the endstation because of their
3 eV band gap.

We realized a two-circle diffractometer with its rotation axis
normal to the horizontal scattering plane in the center of the end-
station. For the inner circle, a stepper-motor-actuated closed-cycle
cryostat (CCS-XG-UHV/204N, Cryophysics GmbH) with vibration

TABLE I. Nominal RZP parameters and expected flux at the RZP focus with no filter
or mylar foil in the beam.

Element
Energy

(eV)
Active area

mm2
Efficiency

(%) flux (ph/s)/eV

Fe 715 80 × 12 18 4.3 × 106

Co 785 82 × 12 18 2.4 × 106

Gd 1200 80 × 7 8.3 1.6 × 105

Dy 1300 80 × 7 6.3 1.2 × 105
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damping and a temperature range from 30 to 500 K is mounted
to the top of the chamber, allowing for sample rotation (ϑ) in
the scattering plane, as well as linear motion in all three dimen-
sions. An in-vacuum high-load rotational table (430 X2 W1 HV,
HUBER Diffraktionstechnik GmbH & Co. KG) forms the outer
circle of the diffractometer (2ϑ) and rotates a height-adjustable
breadboard for the soft-x-ray detectors and a photo diode in the
horizontal scattering plane. The large aperture of the 2ϑ-goniometer
further allows us to feed the poles of an on-vacuum electromag-
net through the bottom of the chamber for magnetic manipulation
of the sample. The coils of the electromagnet are kept in air and
are water-cooled to reach magnetic fields of up to 1 T contin-
uously and 1.5 T in the burst mode by simultaneously avoiding
large heat generation in the vicinity of the samples. The magnet
is height-adjustable and its field can be freely rotated within the
scattering plane of the diffractometer with a variable gap between
its poles.

The soft-x-ray detector on the 2ϑ-arm is a compact, water-
cooled in-vacuum CCD camera (MTE-2 2048B, Teledyne Prince-
ton Instruments) with 2048 × 2048 pixels2 of 13.5 × 13.5 μm2. Any
residual optical light is blocked by a self-grown (or commercial)
large-area Al-filter 50 × 50 mm2

(30 × 30 mm2
) with thicknesses

of 100–500 nm mounted in front of the CCD. Other point detec-
tors such as photodiodes for the soft-x-ray or optical range can be
variably mounted next to the CCD. Alternatively, an on-vacuum,
hybrid silicon pixel detector (MOENCH, Paul Scherrer Institute)32

is mounted ≈600 mm away from the sample in transmission geome-
try. Its short read-out time of 250 μs, permitting a 100 Hz frame rate
to record and read out every pulse, enables single-photon counting
capabilities in the soft-x-ray regime.

For photoexcitation of the sample, we utilize up to 5 mJ of pulse
energy, out-coupled from the driving laser. After delaying it via a
mechanical delay stage by up to 6.6 ns, it is guided along the soft-
x-ray beamline to an optical table next to the endstation. Here, the
diameter of the pump beam is reduced, its slightly elliptical shape is
rounded by a telescope, and its pulse energy is set by a combination
of a λ/2 wave plate and a Brewster window. We are constantly mon-
itoring the power and position of the optical beam by guiding 4% of
the beam’s power onto a camera via a beam sampler. The pointing of
the pump beam can be adjusted by a motorized mirror for optimiz-
ing the spatial overlap with the soft-x-ray probe-beam at the sample
position.

A. Resonant magnetic soft-x-ray scattering
Time-resolved resonant magnetic soft-x-ray scattering (RMXS)

is a powerful tool for accessing element-specific spin dynamics in
magnetic materials.43 In particular, it allows us to probe the mag-
netic order parameter of antiferromagnetic (AFM) materials, which
can hardly be studied by other techniques due to the absence of
a net magnetic moment (M⃗ = 0). RMXS requires tunability of the
probing soft-x-ray photon energy to match an elemental resonance,
which is magnetically sensitive due the x-ray magnetic circular
dichroism effect (XMCD), cf. Sec. III B. At the same time, half
of the wavelength λ must be smaller than the AFM periodicity
to resolve it in reciprocal space. The resulting integral under the
AFM Bragg peak and its peak position in reciprocal space are a

direct measure of the AFM order parameter and the periodicity,
respectively.

To demonstrate the capability of the magnetism beamline for
RMXS experiments, we study the magnetic and structural dynam-
ics of an AFM-coupled Fe/Cr superlattice (SL).28 The SL sample
was grown by molecular beam epitaxy (MBE) on a GaAs substrate
with a 150 nm thick Ag buffer, and 20 repetitions of 0.9 nm thick
Fe and 0.9 nm thick Cr layers were added on top, with a 2 nm
thick MgO layer as oxidation protection. Due to the interlayer-
coupling through the Cr layers,44,45 the individual Fe layers couple
antiferromagnetically along the out-of-plane direction but stay fer-
romagnetically aligned in-plane. Both the structural and the AFM
periodicities can, hence, be resolved at the Fe L3-edge around
707 eV (λ = 1.8 nm).

For tuning the soft-x-ray energy to this magnetically sensitive
absorption edge, we first scan the RZP pitch angle at fixed slit width
and position to reflect different parts of the PXS spectrum from the
Fe/Cr SL at a small grazing incidence angle of ϑ = 10○ (2ϑ = 20○).
The resulting reflection spectrum is depicted in Fig. 5(a) and reveals
two maxima, which we assign to the Fe L2,3- absorption edges. We
can reproduce the spectrum using a polarization-dependent scat-
tering formalism46 simulation,47 which is based on high-resolution
atomic and magnetic form factors of the involved elements and a
model of the sample’s geometry. From fitting the simulations to the
experimental data, we determine a spectral resolution of (1.5 ± 0.2)
eV, which is slightly larger than the expected resolution of 1.2 eV
with a 100 μm gap of the slit. We then fix the soft-x-ray photon
energy to 680 eV (off-resonant) or 707 eV (resonant) to carry out
ϑ − 2ϑ-scans (L-scans); see Fig. 5(b). The Bragg peak at L = 1.0 rlu
(reciprocal lattice units) is observable for both photon energies and
is linked to the 1.8 nm structural periodicity of the Fe/Cr SL. The
AFM Bragg peak at L = 0.5 rlu is, however, only observable on reso-
nance and is a direct measure of the AFM order, as discussed above.
The scans, shown in Fig. 5, are the first resonant magnetic scattering
results at the Fe L-edges acquired at a laser-driven soft-x-ray source;
see our previous publication for more details.28 We further evalu-
ate the capabilities for time-resolved experiments at the magnetism
beamline. For this purpose, we probe the evolution of the magnetic
(L = 0.5) Bragg peak after photoexcitation with an incident laser flu-
ence of 66 mJ/cm2. The fast and steep drop of the AFM Bragg peak
intensity, as shown in Fig. 6, is a clear indication of a laser-induced
demagnetization of the ferromagnetic Fe layers in the SL sample.
The transient data also allow us to determine the temporal resolu-
tion of the experiment to <10 ps by fitting it with an exponential
decay function, convoluted by a Gaussian function of the width of
the PXS’s pulse duration.

To probe the structural dynamics of the lattice as a response to
the same photoexcitation as before, we measure the reflected inten-
sity slightly to the left of the maximum at L = 0.95. With this, the
signal is very sensitive to peak shifts in reciprocal space. The increase
in the diffracted intensity is a clear indication of a peak shift to lower
L-values, which corresponds to a thermal expansion of the Fe/Cr
SL in real space. The delay scan reveals a slower rise and a long-
lived plateau, compared to the faster (sub-nanosecond) recovery of
the AFM signal. With these results, we could show that the mag-
netism beamline allows us to probe AFM and lattice dynamics in one
and the same experiment with high temporal and reciprocal-space
resolution.
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FIG. 5. Static RMXS results for a Fe/Cr superlattice under reflection with
monochromatized light. Left: Reflection spectrum under a grazing incidence angle
of ϑ = 10○; measured by scanning the photon energy around the Fe L-edges
across the sample. Right: ϑ − 2ϑ-scan/L-scan across the first magnetic (L = 0.5)
and structural (L = 1.0) Bragg peaks with the photon energy tuned resonantly to
the L3-edge or off-resonantly away from it.

FIG. 6. Transient RMXS results for a Fe/Cr superlattice on the maximum (L = 0.5)
of the magnetic peak (blue, demagnetization) and slightly to the left (L = 0.95) of
the structural peak (cf. Fig. 5, right, on-res.) after laser excitation with a 1.8 ps
pump pulse.

B. X-ray magnetic circular dichroism spectroscopy
X-ray magnetic circular dichroism (XMCD)48–50 describes the

strong dichroic absorption of circularly polarized light when tuned
near spin-split core-to-valence-band transitions in the extreme
ultraviolet (XUV) to hard x rays.

Covering the TM L- and RE M-absorption edges, where the
XMCD effect shows a very large magnetic contrast,51 enables the
separation of the orbital from the spin contributions to the local
magnetic moments via the summation rules.52–54

While our setup easily meets the requirements for reaching the
photon energies relevant for XMCD in the soft-x-ray regime, the
emission from the PXS is intrinsically randomly polarized due to the
incoherent emission processes in the plasma. However, by inserting
a magnetic thin-film polarizer,55,56 it is possible to achieve partial
circular polarization of the PXS spectrum. We utilize this polar-
ized light for the first XMCD experiments at the Fe L-edges at a
laser-driven soft-x-ray source.41

This was achieved with a 100 nm thick polariser and a 55 nm
thick sample, both made of a ferrimagnetic Gd0.24Fe0.76 alloy with
perpendicular anisotropy, sputtered on a 50 nm thick SiN mem-
brane. Both films are capped and seeded by 3 nm of Ta and have a

FIG. 7. Static XMCD results for a FeGd alloy sample in transmission geometry.
Asymmetry, calculated from two dichroic white light transmission spectra. A signal-
to-noise ratio (SNR) > 200 can be obtained within 340 s of integration time.

clear aperture of 4 × 4 mm2. The large aperture allows us to trans-
mit the full spatially dispersed spectrum of the soft x rays in a
white-light scheme through the polarizer, sample, and onto the CCD
detector.

We aim the polarizer magnetization to point along the soft-x-
ray propagation direction and vary the magnetization of the sample
to be parallel and anti-parallel to it by a magnetic field of ±100 mT
provided by the electromagnet of the endstation. From both dichroic
spectra, one can calculate the XMCD asymmetry as A = T−−T+

T−+T+ ; see
Fig. 7. The presented dataset was acquired within 170 s per mag-
netization direction with an SNR > 200 across the whole spectral
range; see our previous publication for more details.41 We can model
the experimental transmission spectra, as well as the resulting asym-
metry with high accuracy by magnetic scattering simulations,46,47

which sensitively depend on the sample and polarizer geometries,
as well as their experimentally determined atomic and magnetic
scattering factors.57,58 The presented results confirm the capabil-
ities of the magnetism beamline for time-resolved XMCD spec-
troscopy with few-ps temporal and with a high E/ΔE ≈ 550 spectral
resolution.

IV. NEXAFS BEAMLINE
This beamline is designed for high-resolution near-edge x-ray

absorption fine-structure (NEXAFS) experiments in transmission
geometry. As for the magnetism beamline, we usually choose tung-
sten as a target material, as it covers a wide photon energy range
from 50 to 1500 eV with a quasi-continuum spectrum59 in a single
shot (cf. Fig. 2). In order to achieve the required high spectral reso-
lution for NEXAFS spectroscopy, we designed a special two-channel
detection system with two —ideally— identical RZPs as diffractive
optics, a measurement channel and a reference channel. In con-
trast to earlier approaches, based on RZPs on planar substrates,60

here, we present a prototype setup of an R&D project in coopera-
tion with NOB Nano Optics Berlin GmbH, which uses novel hybrid
RZP structures consisting of suitably designed RZPs on spherically
curved substrates.

Commonly used RZPs on planar substrates (cf. Sec. III) only
focus particular photon energies across a few-eV bandwidth spatially
and spectrally onto a detector for a given RZP structure and RZP-to-
detector distance. There, in order to cover the large energy range
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of the source, multiple RZP structures are needed. Alternatively,
slightly misaligning the planar RZP structures can shift the spectral
position of optimal resolution. As a consequence, a large spec-
tral range, covering more than 200 eV, requires a time-demanding
scan of different alignment positions, which needs to be stitched
together.42 In addition, in the RZP focal region of a given design
energy, spatial imaging over a wide spectral range is not retained,
which excludes spectral-spatial imaging. In order to overcome this,
a novel approach for high-resolution and wide-spectral imaging is to
use hybrid RZPs on spherical substrates, with optimized aberration-
corrected zone plate structures.18 These hybrid RZPs provide high
resolution E/ΔE > 500 over a wide spectral range of E = 130–550 eV
and reaching up to E/ΔE < 1000 over smaller energy ranges. The
efficiency is comparable to planar RZP optics, while retaining one
spatial dimension for imaging.

Both the measurement and reference prototype RZPs each
combine four different zones on one single curved substrate with
a radius of curvature R = 43 922 mm, covering a spectral range from
E = 210–1400 eV. These four structures (Si) cover the following
photon energy ranges: E = 210–345 eV (S1), E = 340–550 eV (S2),
E = 550–880 eV (S3), and E = 850–1404 eV (S4). With an angle of
incidence of α = 2○ and an angle of reflection for the first order of
β = 3.65○, the RZPs are offset laterally by 66.25 mm on either side of
the optical axis that connects the target and the detector. Each struc-
ture has an active area of 3.7 × 80 mm2. The capturing aperture for
the prototype is only limited by the number of structures that needed
to be placed on the substrate. The RZPs have been characterized
at the German National Metrology Institute (PTB Berlin), regard-
ing their efficiency and did reach the theoretically expected values.
For full, fine motion control, both RZPs are mounted on their own
six-axis hexapod (SMARPOD 110.45.1-D-S-HV, Smaract GmbH),
allowing a precise alignment of the soft-x-ray beam onto the detec-
tor. By small deviations from the nominal angles of the RZP, the
spectral range can be extended down to 100 or up to 1500 eV, with a
sufficiently high E/ΔE.

For a fast data acquisition, the setup is equipped with one
of two 16-bit scientific complementary metal–oxide–semiconductor
(sCMOS) detectors (2048 × 2048 pixels2, 11 × 11 μm2 (modified
Dhyana90 400D TUCSEN, Tucsen Photonics Co. Ltd. or AXIS-
SXRF-V2-EUV, AXIS Photonique, Inc., Canada). The detector is
placed at a distance of fRZP = 2040 mm from the RZPs. If the full
chip is read out, we reach maximum frame rates of 24 Hz at 16-bit
or 48 Hz at 12-bit resolution, respectively. With a smaller region of
interest (480 × 2048 pixels2), we can match the data acquisition to
the laser repetition rate of 100 Hz at a 16-bit resolution, enabling
single laser shot measurements.

The hybrid RZPs, together with the <300 ms-read-out of the
detector, significantly decrease the measurement time for compa-
rable laboratory-based NEXAFS beamlines using a conventional
CCD detector and planar RZPs.42 The spectral range for each
measurement spans the full bandwidth, e.g., for the S4 structure
(E = 850–1400 eV). In view of long measurement sequences that
are required for future time-resolved measurements and needed
transient NEXAFS signal down to 1 × 10−3, the significantly faster
measurement acquisition of 10 Hz (in comparison to the readout
delay of conventional CCD detectors, only considering one spec-
tral position) is a big step forward for laboratory-based soft-x-ray
NEXAFS beamlines.

FIG. 8. Averaged spectra of copper atomic line emission spectrum from 14 mea-
surements of 5 or 10 laser pulses each using the hybrid RZP S4 structure. The
measurements are pointing corrected in the post-processing, and gray lines indi-
cate identified theoretical positions of the atomic lines of CuXX. The black dashed
line shows the theoretical resolution from a simulation for the used setup and optics
using the RAY-UI software.61,62 The line energies are taken from the American
National Institute of Standards and Technology database.63,64

For characterizing the novel hybrid RZPs at this PXS, the
W target was replaced by a Cu target, emitting an atomic line
spectrum with strong, well-known emission lines in the range of
E = 900–1400 eV, as shown in Fig. 8. By limiting the integrated
shot numbers for each measurement and correcting the obtained
spectra for spectral pointing of the PXS, we reach, in the spectral
range of E = 900–1200 eV, the theoretical resolving power. As the
resolution is a function of the source size, our peak resolution of
ΔE/E = 1200 for the CuXX lines at 996 and 986 eV exceeded the
simulated resolution61,62 due to a slightly smaller source size. The
peaks in the higher spectral range >1300 eV are not considered
for evaluation because of their too-low dynamic range and overlap
with background signal and multiplet lines. A small decrease in the
resolution with a longer integration time can be concluded and is
explained by an increase in the source size with longer integration
times due to jitter.

Samples for NEXAFS measurements in transmission geometry
are placed ≈330 mm away from the target in the downstream line to
the detection channel RZP. At the sample position, the viewing area
of the RZP structure is 1.7 × 1.7 mm2. The light transmitted through
the sample is captured, dispersed, and focused by the measurement
channel RZP onto the upper half of the sCMOS detector. These sam-
ples usually consist of a few hundred nanometer thick films of a
material of interest, deposited, e.g., on a Si3N4 membrane (typical
thickness of 200 nm and a size of 0.25–9 mm2), placed on a three-axis
sample holder.

A. NEXAFS spectroscopy
In contrast to optical spectroscopy, x-ray-based methods can

yield access to structural, electronic, and chemical information about
investigated atomic and molecular systems as they provide element-
selective access to the system on an atomic level.27,65 Laboratory-
based NEXAFS via the outlined efficient and broadband RZPs
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as dispersive optics provide, rapid, direct access to the absorp-
tion K-edges of organic compounds, M- and L-edges of TMs, and
the N- and M-edges of REs. Besides their importance as func-
tional units in organic compounds, TM compounds are widely
used as functional materials in catalysis and photovoltaics. Optically
induced photo processes in these materials can be readily probed
by L-edge NEXAFS spectroscopy.66,67 Transition metal compounds
such as NiO and TiN are possible candidates for use in hydro-
gen production from water68 and as an anode material in lithium
batteries.69

In Secs. IV A 1 and IV A 2, we will demonstrate the perfor-
mance of our setup for NEXAFS spectroscopy on L-edges of NiO,
Ti, and TiN on Si3N4 and Si membranes. The optical density (OD)
obtained in these experiments is defined as the logarithmic ratio of
the intensity transmitted through the sample Is(E) and the intensity
transmitted through the reference Ir(E), e.g., the above-mentioned
Si3N4 membrane,

OD(E) = − ln(
Is(E)
Ir(E)

). (1)

We further evaluate the detection limits of the setup for envisaged
transient NEXAFS investigations.

1. NiO on Si3N4

With an early prototype hybrid RZP, with comparable para-
meters as mentioned above (same angle, 1.5 m distance from source,
and same distance to detector), we qualitatively investigated the
spectral resolution as a consequence of the spatial source jitter that
increases the source size when integrating over many pulses. In addi-
tion, the jitter causes a small spectral displacement of the spectrum
on the detector (few px), which can be corrected in post-processing
for measurement sequences with a limited number of integrated
pulses.

Here, we present near-edge x-ray absorption fine structure
(NEXAFS) spectroscopy70 results at the L3,2-edges of Ni. NiO’s L2-
edge exhibits a peak splitting at E = 871 eV that becomes discernible
with a resolving power of E/ΔE > 1000,71 making it a suitable test
system to study the energy resolution. For this, a 300 nm thick NiO
(48:51) alloy sample was prepared on a 200 nm thick Si3N4 win-
dow with an aperture of 3 × 3 mm2 by depositing Ni using a reactive
electron beam evaporation in an oxygen environment at room tem-
perature. The thickness was monitored with a quartz crystal balance,
and the stoichiometry via energy dispersive x-ray spectroscopy mea-
surements. To show the impact of the source jitter on the spectral
resolution, we measured the NiO spectra with different single mea-
surement integration times: 2, 5, and 10 pulses each, always acquir-
ing a total number of 100 pulses. For each measurement sequence,
the single spectra were pointing-corrected in post-processing before
averaging the sequence. Figure 9 shows the resulting NEXAFS
absorption spectra that exhibit a degradation in the resolution of the
spectral features with an increasing number of pulses per measure-
ment, discernible at the peak of the L2-edge at 871 eV.72 In our mea-
surements, we could not fully resolve the peak splitting, but the onset
of this feature is apparent for two laser shot measurements. A higher
amount of laser shots clearly lowers the spectral resolution. There-
fore, to reach the theoretical design resolution of the hybrid-RZPs of
500 < E/ΔE < 1000 and for a sufficient dynamic range of the signal,

FIG. 9. NEXAFS spectra from 300 nm NiO on 200 nm Si3N4 membrane demon-
strating the spectral resolution as a function of a number of shots per measurement
series. Longer integration times correspond to an averaged and, by the pointing,
bigger source size, leading to a decrease in the spectral position. With sequences
of close-to-single-shot acquisition, the spectral resolution can be increased, which
is exemplified in the NiO L2 line splitting at 871 eV (gray line). The L2 splitting of
Ni is yet not fully resolved, but becomes visible for pointing-corrected evaluation
on image series with close-to-single-shot acquisition. Curves are offset for better
visibility.

multiple single acquisitions with few shots each need to be taken,
corrected, and averaged.

2. TiN and Ti on Si
The 100 nm thick TiN and Ti samples were grown on 50 nm

thick 500 × 500 μm2 Si membranes by electron beam evaporation
of Ti and in case of TiN under a N2-rich atmosphere at a back-
ground pressure of 6 × 10−5 mbar. Both samples were measured
using the S2 RZP structure of our prototype RZP and the sCMOS
detector in a high dynamic range mode with a frame rate of 100 Hz.
The NEXAFS spectra of Ti and TiN are shown in Fig. 10 across
the Ti L-edge, as well as the K-edge of the organic element N. For
Ti, we acquired 600 measurements at 100 Hz repetition rate with
10 pulses each, and for TiN, we acquired 2400 measurements with
5 pulses each. Both spectra are normalized to a measurement series
without any samples, as in our prototype setup, and the second RZP
channel was still in its commissioning phase. Our measurement of
the near-edge absorption fine structure at the N K-edge of TiN is
in excellent agreement with published data73,74 (cf. inset of Fig. 10,
numbers 1–6). For the spectra recorded, we have verified that the
noise in the spectra presented is solely counting statistics-limited,
without further contributions from detector noise or instabilities in
the setup.

The key advantage of the setup is the ability to measure a
NEXAFS spectrum in parallel over a large spectral range while still
maintaining a resolving power up to E/ΔE < 900 and without com-
promising spectrometer efficiency. This dispersive acquisition mode
covering an unprecedentedly large energy interval at full resolving
power allows recording the NEXAFS region of one or even sev-
eral atomic elements within a sample simultaneously. This results
in a very substantial reduction of acquisition times. For exam-
ple, the NiO spectra in Fig. 9 can be acquired in 0.1 s or less,
including all overhead times for the measurement. To demon-
strate that it is possible to reach outstandingly low fluctuation due
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FIG. 10. TiN and Ti on Si membrane NEXAFS spectra. The inset shows a zoom
into the N K-edge of TiN at E = 390–430 eV to present the well-resolved charac-
teristic spectral features of TiN, and numbers correspond to characteristic peaks
from Pflüger et al.73

to counting statistics and, hence, the absence of significant (non-
correctable) drifts or other instabilities, the TiN NEXAFS spectrum
in Fig. 10 including the N K- and Ti L-absorption was integrated for
250 s. In view of future pump-probe NEXAFS experiments exploit-
ing the 10 ps pulses of our source, the ability to measure spectra
within minutes as well as the stability to do so over hours will
be crucial to acquire full time traces following transient spectral
changes.

V. CONCLUSION AND OUTLOOK
In this work, we realized a versatile tabletop instrument for

transient resonant scattering experiments, as well as NEXAFS and
XMCD spectroscopy throughout the entire soft-x-ray regime. Our
setup comprises a <10 ps, broadband plasma x-ray source, driven by
a high-power, high-stability thin-disk laser system. In combination
with customized x-ray optics, advanced data acquisition schemes,
and 2D detectors with frame rates exceeding the laser repetition rate
of 100 Hz, we enable experimental methods in a laser laboratory,
which have been limited to accelerator-based large-scale facilities
so far. The broadband nature of the source enables us to perform
white-light measurements across a wide range of photon energies in
parallel, in contrast to energy scanning methods commonly used at
these large-scale facilities.

At the magnetism beamline, an RZP-based monochromator
allows for resonant scattering experiments at the TM L- and RE M-
edges. We have demonstrated that it is possible to probe, e.g., the
photo-induced dynamics of antiferromagnetic order at a time reso-
lution of <10 ps.28 Furthermore, by using a wider range of photon
energies and introducing a ferrimagnetic polarizer,41 we also real-
ized the first XMCD spectroscopy at the Fe L-absorption edges on a
laboratory scale, achieving an SNR > 200 within a matter of minutes
via a white-light recording technique.

At the NEXAFS beamline, we employed hybrid RZPs where
the curved substrates allow for a consistent spatial focus and high
spectral resolution of 500 < E/ΔE < 1000 across wide parts of the
soft-x-ray spectrum. By correcting the spectral and pointing fluctua-
tions of the soft-x-ray source by alternating measurement sequences

and additional post-processing procedures, we are able to record
spectra with a noise floor that is purely counting statistics-limited.
Due to the high efficiency of the RZPs and the use of an sCMOS cam-
era, the data acquisition time was reduced by a factor of nearly 100
compared to previous work,60 allowing to record transient NEXAFS
spectra in periods of hours instead of days.

Our development enables the use of soft x-ray-based techniques
in a laser laboratory, which has so far been exclusively the domain
of work at large-scale facilities. Beyond enabling such experiments
for a larger user base, e.g., at university departments or industrial
applications, we note that performing such types of experiments at
laser laboratories allows for the realization of sophisticated custom
schemes for optical control of materials, which can be interrogated
by powerful soft-x-ray approaches.
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