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ABSTRACT

The field of attosecond physics has expanded significantly in recent years, yet experimental facilities supporting attosecond pump-attosecond
probe spectroscopy remain rare. Here, we present a newly constructed beamline for the generation and application of energetic, isolated
extreme ultraviolet (XUV) and soft x-ray attosecond pulses via upscaling of high-harmonic generation (HHG) in a gas medium. The fun-
damental properties of the HHG radiation—energy, beam profile, spectrum, and divergence—are characterized and optimized. The source
delivers up to 55 nJ of pulse energy within the Zr window (65-150 eV) with high stability (~5%-10%) and a divergence of 0.1 mrad. Numer-
ical simulations identify optimal operating conditions consistent with experimental results. Temporal super-resolution of the driving laser is
applied, resulting in a broadened spectral continuum. Furthermore, the beamline includes a split-and-delay stage before focusing the HHG
radiation to a <6 ym spot for pump-probe experiments using two distinct focusing optics. Spatially resolved ion microscopy is employed to
trace the generated ions at the focus. The presented beamline is designed for nonlinear XUV studies with isolated attosecond pulses.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/).
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I. INTRODUCTION

Utilizing high-harmonic generation (HHG) in a gas medium,
extreme ultraviolet (XUV) and soft x-ray pulses with a pulse dura-
tion well below the 100 as timescale are produced.”” These pulses
are applied in pump-probe techniques for the observation of ultra-
fast electron dynamics in matter, where one ultrashort light pulse
starts a process, e.g., by ionizing an atom or molecule, and a sec-
ond pulse probes it with a variable time delay. Therefore, at least
two photons are absorbed (one from each pulse).” However, most
HHG-based attosecond sources create very low pulse energies, origi-
nating from the low conversion efficiency of the generation process.
This is illustrated for neon gas and XUV photon energies above
70 eV in , where enhancement cavity-based XUV sources
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provide energies in the sub-f] range with repetition rates reaching
hundreds of MHz.”” On the other hand, 1-200 kHz lasers with
a central wavelength in the NIR spectral region deliver energies
ranging from sub-pJ to nJ. In addition, 1 kHz lasers operat-
ing at a central wavelength around 1800 nm yield XUV energies
that vary from sub-p] to a few pJ levels, extending to higher photon
energies. " * These sources do not reach the necessary intensity for
the nonlinear interaction with the target, which is essential for the
pump-probe technique.”” Hence, the majority of attosecond mea-
surements use the fundamental laser as a pump or as a probe and
the attosecond XUV/soft x-ray pulse as the other. This does not
compromise the temporal resolution because the attosecond pulse is
much shorter than half an optical laser cycle, and the electric field
of the laser, which changes on the attosecond timescale, governs the
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FIG. 1. XUV energy per pulse or train (multiple pulses) for high-order harmonic
generation sources that use neon as a medium for HHG with a spectrum over
70 eV. The driving laser’s repetition rate varies from 10 Hz to 250 MHz, with a
central wavelength in the 8001040 nm range, except for two cases having around
1800 nm.""'® Sources marked with “0” have reported isolated XUV pulses, while

')

those marked with “x” have trains of XUV pulses. The red sources indicate an
estimation of XUV energy per shot, whereas the blue sources measured the XUV
energy directly. The highest pulse energy is demonstrated in this study (taking into
account the large number of pulses in Ref. 34).

process and not its intensity envelope. Generating a strong signal
often requires a high laser electric field on the sample, which may
alter or even damage the material, in contrast to intense XUV pulses
in XUV pump-XUV probe measurements.”””

To measure the motion of electrons without the presence of a
laser field, intense XUV and x-ray pulses with attosecond time res-
olution are needed. One novel way to accomplish this is the use of
free-electron lasers, but due to their narrow relative bandwidth of
typically less than 1% of the central photon energy, these sources
only reach attosecond pulse durations mostly in the x-ray spectral
region.”” Furthermore, the construction and operation of these free-
electron lasers is extremely expensive, which is why there are only a
few of these sources worldwide,”® and the first experimental studies
are currently being conducted.””

Alternatively, intense XUV and soft x-ray pulses with pulse
durations on the attosecond timescale can be produced on a labo-
ratory scale via the use of energy upscaling of HHG.”® Therefore,
significant effort is taken to enable this alternative source for XUV
pump-XUV probe experiments.”” ** For this method, sufficient
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XUV energies exceeding 10 nJ are needed, which can only be pro-
duced by lasers with high pulse energy (> 1 mJ) and typically low
repetition rates””’**® (Fig. 1). Furthermore, for the efficient gen-
eration of isolated attosecond pulses, very short laser pulses with
less than two optical cycles are necessary. Fulfilling these parameters
is very challenging because most high-intensity lasers, which are
often based on the Ti:sapphire amplifier medium, do not provide
the pulse duration for the direct generation of isolated attosec-
ond pulses via HHG.?” These systems need sophisticated techniques
that significantly reduce the HHG efficiency.” Alternatively, post-
compression methods, which are widely used for the generation
of isolated attosecond pulses, are applied, but they are limited to
pulse energies in the few m]J range.”” This limits the energy of the
attosecond pulses that can be produced with such sources.

Novel amplification schemes like optical parametric chirped
pulse amplification (OPCPA)*”"" and optical parametric synthe-
sis (OPS)* are fulfilling the requirements for both pulse duration
and energy. OPCPA allows the amplification of a broad spectrum.
Furthermore, the amplified spectral region can be adjusted over
a wide range in the visible and infrared regions by tailoring the
amplification conditions. Therefore, more and more OPCPA sys-
tems are being constructed right now for the purpose of generating
intense XUV pulses.”” ** However, for the generation of well isolated
attosecond pulses without the use of additional gating techniques,
the pulse duration that can be reached via OPCPA is still not suffi-
cient. OPS allows the amplification of even broader spectra via the
combination of several OPCPA stages that amplify different spec-
tral regions. This finally allows the generation of sub-two-cycle laser
pulses with energies of hundreds of mJ, which provides the per-
fect conditions for the generation of intense isolated attosecond
pulses, 1246-48

In this article, we present an XUV and soft x-ray light source
together with its dedicated beamline, capable of generating attosec-
ond pulses with energies of several tens of nJs and photon energies
up to 150 eV. These XUV pulses are well isolated at the highest
photon energies. In addition to comprehensive spectral and spatial
characterization of the generated pulses, the presented beamline fea-
tures a split-and-delay unit,"” multiple focusing configurations, and
an ion microscope. The performances of the beamline are confirmed
by numerical HHG simulations. Under these conditions, intensi-
ties sufficient for nonlinear ionization of xenon are achieved,”””'
making this source an ideal platform for XUV pump-XUV probe
investigations.

Il. XUV GENERATION

To generate isolated attosecond pulses with high pulse energy
via HHG in a gas medium, the driving laser is of crucial importance.
For this XUV source, the Light Wave Synthesizer 100 (LWS100)
system at the Relativistic Attosecond Physics Laboratory (REAL) at
Umed University was used.*” This laser system utilizes two color-
pumped OPS to amplify laser pulses with an energy of up to 480 m]J
and a spectral range from 580 to 1030 nm. This enables the gener-
ation of <4.5 fs light pulses with 100 TW peak power. To prevent
excessive ionization, only part of the full laser energy (up to 120
m]J) is guided into the HHG beamline by clipping the beam before
the compressor chamber with an iris. The reduced beam diameter
is slightly tunable around 50 mm from the original 75 mm, i.e., a
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decrease of on-target energy to about 45% of the original laser energy
with full diameter, which is optimal for HHG. This energy is at least
two orders of magnitude higher than the energy of the systems that
are typically used for HHG.”” ™ Due to the short duration of those
visible and near-infrared (VIS-NIR) light pulses, only 1.6 optical
cycles of the electric field fit within its full-width-at-half-maximum
(FWHM) pulse duration. This supports the generation of isolated
attosecond pulses via HHG without the use of additional gating
techniques that typically lower the conversion efficiency.”®””""

The schematic of the attosecond (AS) beamline is shown in
Fig. 2. The beamline is divided into two main sections: (1) XUV
generation and (2) XUV characterization and application. The XUV
generation section includes focusing optics and characterization of
the driving laser, as well as a gas source for HHG, while the sec-
ond section includes XUV characterization elements, XUV focusing
optics, and an ion microscope. The XUV generation section has
a vacuum system that is matched to the 22 m focusing geometry,
including a chamber with focusing optics, two ~11-m beam path
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tubes, and a turning chamber that redirects the laser in the opposite
direction on a parallel beam path. In the turning chamber, a chirp-
scan setup,” " including a 5 ym beta-barium borate (BBO) and a
spectrometer for the second harmonic, is placed for the temporal
characterization of the laser pulses. It measures and compresses the
driving laser pulse duration using an acousto-optic programmable
dispersive filter (DAZZLER, Fastlite) in the OPS to the Fourier limit
just before the HHG source. Figure 3 shows a typical temporal struc-
ture with a FWHM duration of 4.3 fs, the spectrum, and the spectral
phase of the laser pulses.

To make use of the high peak power of the laser, upscaling of
HHG in a gas medium has to be utilized. Maintaining good phase
matching, which is essential to obtain high XUV energies, limits
the optimal laser intensity at the gas target. Hence, energy upscal-
ing requires the use of a long focal length to obtain a large focal spot
size.”® To facilitate a long focal length and adjust the intensity at the
gas target, the AS beamline in our laboratory supports a focal length
of 22 m and a slightly tunable reduced beam diameter, as described
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FIG. 2. Schematic of the AS beamline in the REAL lab. Part of the LWS100 laser system is guided into the beamline. It is focused by a focal length of 22 m in the first
vacuum chamber. Then it is turned backward in the next vacuum chamber, where hardware for temporal characterization of the laser pulses is placed. In the third chamber,
HHG is generated in neon gas. After propagation through the holey mirror and split-and-delay unit (SDU), the laser is filtered out by a substrate and metallic filters, and the
basic characterization of the XUV pulse is carried out in the fifth chamber. An ellipsoidal gold-coated XUV focusing mirror and an ion microscope are positioned at the end
of this chamber. OPS: optical parametric synthesizer, CMOS: complementary metal-oxide-semiconductor, CCD: charge-coupled device, and MCP: microchannel plate. Part

1: XUV generation (see Chap. Il), Part 2: XUV characterization (see Chap. Ill).
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FIG. 4. (a) Laser focus at the gas target. The FWHM focus size is 425 ym for the
applied 22 m focusing. (b) Pointing of the He-Ne laser over 24 h. The red and
blue lines represent the horizontal (X) and vertical (Y) pointing. The RMS pointing
stabilities in the X/Y direction are 3.2/3.7 yrad, and the overall pointing is 4.9 yrad.

before. The astigmatism introduced by this focusing geometry and
the higher-order aberrations are compensated with an adaptive mir-
ror (Imagine Optic) to optimize the energy content in the focal spot.
Figure 4(a) shows a focal spot measurement of LWS100 after wave-
front correction with the adaptive mirror. The FWHM focus size was
determined to be 425 ym, and the energy content in the FWHM is
37%. Furthermore, Fig. 4(b) shows the pointing stability of the AS
beamline over a time of 24 h, which was measured at the focus with
an alignment He-Ne laser that was coupled into the beamline before
the compressor of the LWS100 laser system. The pointing over this
timescale has a root mean square (RMS) of 4.9 yrad. For a duration
of 100 s, the pointing of the He-Ne laser is 1.5 yrad, and for LWS100,
this increases only to 2.5 yrad, which corresponds to a change in the
focus position of only about 10% of the FWHM spot size.

Neon is used as the main HHG source with both gas jet and gas
cell configurations. To achieve the highest XUV energy, the HHG
efficiency for various pressures and gas source sizes was calculated
and measured [jet: 2 mm (0.005zg), cell: 14 (0.35zr), 22 (0.55zr),
and 30 cm (0.75zg)], as shown in Fig. 5(a) with the measurements
in white dots and rectangles. In Fig. 5(a), the HHG conversion effi-
ciency is plotted (in color) vs gas pressure and length of the gas
cell. zr is the Rayleigh range of the laser, which was measured to
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FIG. 5. (a) Simulated (color 2D plot) and measured (3 white rectangles and a dot)
HHG conversion efficiency in the Zr spectral window (65-150 eV). p is the neon
pressure inside the gas cell and zg is the Rayleigh length of LWS100 (= 40 cm)
with 22 m focusing and (a reduced) 45 mm beam diameter. The simulations are
independent of zy if the efficiency is plotted vs pzz and the medium length is
shown in units of zg. (b) Simulated (solid lines) and measured (symbols) conver-
sion efficiencies for the 3 rectangular regions in (a). The corresponding maximal
HHG conversion efficiencies were 1.2 x 10=8, 7 x 10~7, and 6 x 10~ for a cell
length of 0.35, 0.55, and 0.75zg, correspondingly.

be 40 cm, and p is the gas pressure of the generation medium. The
pressure of the jet was determined by the applied backing pressure
and numerical simulations of the operation of the supersonic nozzle,
relating this pressure to the pressure at the exit. For determining p
inside the gas cells, a pressure gauge was placed outside the vacuum
chamber, which was connected to the cell by a short (8 cm) vac-
uum pipe. The influence of the connecting pipe length was assessed
by extending the pipe length up to 150 cm. The measured pressure
exhibited a non-linear relationship with the pipe length, which was
addressed through precise evaluations. This measurement was con-
ducted for different gas cell lengths with the same input flow. The
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pressure in the cell was found to be independent of cell length but
strongly dependent on the entrance and exit hole size. The length
of the gas medium, as well as the target pressure, was optimized to
achieve maximal conversion efficiency [Fig. 5(b)], and the exper-
imental optimum was found to be a 14 cm long gas cell with a
pressure of ~2.6 mbar. During this investigation, the experimen-
tally obtained HHG efficiencies in the Zr window were 1.2 x 107°,
7x1077, and 6 x 1077 for a cell length of 0.35, 0.55, and 0.75z,
correspondingly. While the jet provided 3 x 107 efficiency.

The measured conversion efficiency data are compared to sim-
ulations with the same input laser parameters using a wide range
of pressures and gas source sizes. The simulated data are obtained
by solving the propagation equation for the fundamental and har-
monic fields within the slowly varying and paraxial approximations.
The numerical method presented before””®' makes use of tab-
ulated single-atom data obtained by solving the time-dependent
Schrédinger equation. These simulations include the reshaping of
the fundamental field due to partial ionization of the medium. A
very good agreement was found between the simulations and exper-
iments in terms of absolute conversion efficiency (a deviation of
20%-40%) and pressure dependence. Based on the simulation data
in Fig. 5(a), a reduction in the length of the gas cell is likely to
enhance the overall efficiency slightly. The experiment with a 7 cm
cell did not show, however, higher XUV energy under similar con-
ditions. Therefore, the 14 cm gas cell length was chosen in this 22 m
focusing beamline. The optimum was found to be very stable from
day to day (see details on energy measurements later).

Argon and helium were tested as HHG generation mediums,
but neither gas provided optimal conditions for our beamline. In the
case of argon, the XUV spectral cutoff was below 70 eV as expected,
and achieving optimal HHG necessitated a factor of three further
reduction of the laser energy compared to neon, which is an ineffi-
cient application of our laser. Regarding helium, the higher optimal
pressure was not reached as it surpassed the vacuum turbo pump’s
ability to remove the excess gas. Furthermore, the lower conver-
sion efficiency resulted in significantly lower XUV energies in the
Zr window (<1 nJ), which did not support nonlinear studies with
the attosecond pulses.

I1l. XUV CHARACTERIZATION

After HHG, the XUV pulses propagate collinearly with the laser
through a 14 m vacuum tube toward the XUV characterization and
application section of the AS beamline. At the beginning of this
section, the XUV beam passes through a holey spherical mirror (a
mirror with a hole), which reflects a part of the more divergent
laser beam onto a CCD camera (not presented in Fig. 2) near the
generation position. This camera is used for the optimization and
observation of the laser alignment at the HHG gas cell, which is
carefully imaged onto it. Hence, potential slow drifts of the laser
can be easily compensated. Afterward, the XUV beam is reflected
by a Zerodur substrate at a 2.5° grazing incidence angle. This sub-
strate reduces the intensity of the laser by about a factor of 2 to avoid
damage in the beam path and has >75% reflectivity in the XUV.
Then, the XUV beam is reflected from a gold-coated split mirror
at about a 2.5° grazing incidence angle (a more precise calibration
is presented later). Those two gold mirrors act as a beam splitter to
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enable the separation of pump and probe beams. A major advantage
of the grazing-incidence geometry, apart from the high reflectivity
of the gold mirrors in the XUV (>90% below 150 eV), is the min-
imal energy loss in the spatial gap between the two mirrors, since
the small beam spans several centimeters on their surfaces. For XUV
pump-XUV probe experiments, attosecond accuracy is required. To
achieve this, one of the two gold mirrors is placed on a piezo actuator
(piezosystem jena) with feedback and a range of 75 ym that enables
a precise alignment of the time delay between the two XUV pulses.
Another translation stage with a larger range is positioned below this
piezo actuator to extend the delay range if necessary. Furthermore,
the tilt and tip alignment degrees of this gold mirror are also con-
trolled by two other piezo actuators with feedback to achieve high
alignment precision. The stability of this split-and-delay stage is of
utmost importance to maintain the high spatial and temporal reso-
lution achieved by the attosecond XUV pulses and requires precise
characterization. Over a duration of 1 h, the absolute RMS point-
ing stability was found to be <3 urad for the x direction (horizontal)
and <6 prad for the y direction, while the relative pointing differ-
ence between pump and probe arms is 2 prad for the x direction
(horizontal) and <1.5 prad for the y direction. The in-loop RMS tem-
poral delay jitter from the position signal of the piezo actuator was
measured to be 0.9 as.

The temporal calibration was performed by using a He-Ne
laser reflected on both gold mirrors and by measuring its focus in
the focal plane of the ellipsoidal mirror (see XUV focusing later).
This focus at three different delays between the two halves of 16.8,
19.2, and 20.8 ym, which correspond to relative delays of about 0, a
quarter, and half optical periods of the He-Ne laser (632.8 nm), is
shown in Figs. 6(a)-6(c). A vertical line out of this focus, indicated
as a dashed line in Figs. 6(a)-6(c), averaged over 50 measurements
as a function of the delay stage position of the movable gold mir-
ror, is plotted in Fig. 6(d). A horizontal line of this plot is shown
in Fig. 6(e), clearly indicating the interference maxima and minima
of the He-Ne laser radiation. A sinusoidal fit to these measurement
points is shown in red. The obtained period of this fit is 0.8177
+0.0003 ym™" = 271B/T, where T = 2109 as is the optical period and
3 is the temporal calibration factor vs the stabilized delay stage posi-
tion in as/um. The obtained value for this calibration factor is 274.5
+ 0.1 as/uym, which gives a full delay range of 20.6 fs using the
75 um range of the delay stage. This provides, beyond the calibra-
tion, the grazing incidence angle on the gold mirrors («) utilizing
the 7 = 2 sin(a)x/c relationship between the delay (7) and the delay
stage position, i.e., the shift of the movable gold mirror (x). It deliv-
ers a = 2.36°. Furthermore, the stability of the signal at the zero
transition of the sinus oscillation, i.e., around 0.5 in Fig. 6(e), pro-
vides an upper limit to the out-of-loop RMS temporal delay jitter of
20-25 as.

A potential drawback of this grazing incidence geometry of the
split-and-delay stage is the transverse position change of the XUV
focus with the delay, i.e., the delay stage position. This was measured
with the He-Ne laser for the full delay range of >20 fs, and a trans-
verse shift of less than 1 ym has been obtained, which was limited
by the pointing stability. This shift corresponds only to 10%-15% of
the XUV focus size. This low value of the shift originates from the
large demagnification of the ellipsoidal XUV mirror, which is much
higher than in other designs.”
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FIG. 6. Temporal calibration of the split-and-delay stage and out-of-loop temporal
delay jitter measurement. (a)—(c) Single shot He—Ne focus in the focal plane of
the ellipsoidal mirror for three different delays. The dashed lines indicate where a
vertical line out is taken. (d) The vertical line out of the He—Ne focus averaged over
50 shots vs delay stage position. The dashed line indicates where a horizontal line
around the maximum signal is taken. (€) The horizontal line shows the sinusoidal
oscillations. The red line is a sinusoidal fit to the oscillations that provides the
temporal calibration factor vs the stabilized delay stage position. This calibration
with the stability of the signal around the zero transition of the sinus oscillation
(around the value of 0.5) gives an upper limit to the out-of-loop RMS temporal
delay jitter.

To remove the remainder of the fundamental VIS-NIR laser
light, the XUV beam passes through several thin-film metallic filters
after the split-and-delay unit. These filters are mounted on motor-
ized filter wheels, which allow the user to choose the desired spectral
region.” Behind these spectral filters, the XUV beam can be sent
to a calibrated XUV photodiode for measuring the pulse energy, an
XUV CCD camera for measuring the beam profile, and an XUV
flat-field spectrometer for the characterization of the spectrum. The
photodiode can measure single-shot pulse energy, which is cru-
cial for the rapid optimization of the HHG process. Furthermore,
it allows the measurement of the shot-to-shot energy fluctuations
of the XUV pulses. In addition, the XUV photodiode enables the
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TABLE |. Different metal filters of the AS beamline and their spectral ranges and
transmissions.

Filter Thickness (nm) Spectral range Transmission
Zr1l 150 ~65eV-C' 38% + 2%
Zr2 150 ~65eV-C 45% + 2%
Zr 3 150 ~65eV-C 48% + 2%
Pd 100 ~95 eV-C 14% + 1%"
All 500 ~18-73 eV 28%

Al2 500 ~18-73 eV 16%

Si 500 ~20-100 eV Not measured
Cutoff.

®Measured average value for the spectral region of the Zr window, including the range
where Pd does not transmit.

characterization of the transmission of the metallic filters, which
degrades continuously over the course of every few months due to
oxidation. The experimentally verified transmission values during
the presented energy measurements are shown in Table I. In this
experiment, different combinations of filters from the same material
were used, and the transmission of each was evaluated, assuming
that XUV energy and laser energy remained constant during the
measurement. It has to be mentioned that the measured values are
lower than the literature values for comparable filters, which is com-
monly caused by oxidation of the filter surface.” To maximize the
attosecond pulse energy, the position of the entrance and exit of
the gas cell, as well as the wavefront and compression of the driv-
ing laser at the gas target, are fine-tuned with the XUV signal on a
daily basis. Typically, the photodiode provides the feedback signal
for this procedure.

If the isolation of the attosecond pulses is important for a spe-
cific experiment, the compression of the laser is fine-tuned by the
use of the Dazzler as a control unit and the XUV spectrometer as a
feedback signal to increase the continuum part of the spectrum. The
third and fourth order spectral phases are set to the optimal value
for compression, and the group-delay dispersion (GDD) is changed
using the Dazzler, which ensures very good temporal compression
at the gas target. Measured spectra vs GDD is shown in Fig. 7(a). In
this figure, each spectrum is measured with a Zr filter and is an aver-
age of 50 shots. The spectra were measured with 10 fs*> GDD steps
around the optimal compression (highest cutoff), and the step size
was increased to 20 fs> further away. Typically, no or no significant
GDD change was needed to reach the best continuum.

With accurate alignment of HHG and laser parameters, XUV
pulse energies up to 55.0 + 5.2 nJ in the Zr spectral window could
be achieved, taking into account the transmission of the filters. Fur-
thermore, pulse energies above 40 nJ, corresponding to an on-target
energy of above 10 nJ, are commonly reached with a typical RMS
energy stability of 5%-10%. With a measured focal spot size of ~6 ym
(FWHM) and a pulse duration estimated from a realistic chirp and
the spectrum of about 200 as, the resulting peak XUV intensity
reaches ~10'* W/cm®. Those energies are twice as high as previ-
ously published*” and >100 times higher than the energy of common
kHz HHG beamlines.”” ** The relatively low RMS error further min-
imizes the measurement uncertainties for investigations with this
XUV source.
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FIG. 7. (a) HHG spectrum vs GDD values of LWS100, where 0 fs? corresponds to
the optimal compression. (b) Single-shot XUV beam profile 14 m after generation.
The average FWHM beam diameter is 1.03 mm, which corresponds to a beam
divergence of 73 prad. (c) 50 single-shot XUV foci are averaged, leading to an
average FWHM of 5.7 ym.

Investigations of the beam profile with the XUV CCD camera
reveal that the XUV beam is very well collimated. 14 m behind the
gas source, the measured beam size varies between 0.7 and 1.5 mm,
depending on the focal spot size of the driving laser. A typical beam
profile on both spatial and angular x- and y-scales is shown in Fig. 7,
applying the optimal laser spot size of 425 ym for the highest XUV
energy. The average FWHM beam size is about 1 mm, which corre-
sponds to a beam divergence of 70 yrad. Furthermore, non-circular
XUV beams can be produced and characterized when the driving
laser is slightly astigmatic (not visible on the laser focus) due to
misalignment of the deformable mirror. However, this leads to a
significant reduction in conversion efficiency.

The XUV flat-field spectrometer of the AS beamline measures
the spectrum as a function of one transverse coordinate (x). One
such measurement is shown in Fig. 8(a), indicating a homogeneous
spectral structure with the transverse (X) position. The dark line in
this figure at around X = 2.7 mm originates from the gold split mir-
ror used to separate the XUV pump and XUV probe beams. With a
motorized mirror located in the vacuum chamber that turns the laser
backward, the position of the XUV beam on these two mirrors can be
adjusted. Near this dark area at the top and bottom, an interference
pattern is noticeable due to the scattering caused by the edges of the
split mirror. Spectral measurements in Fig. 8(b) show a cutoff pho-
ton energy of ~150 eV. Furthermore, for specific carrier-envelope
phase (CEP) values, the harmonic lines in the cutoff region vanish
and form a continuum, indicating that the XUV pulses generated
in this spectral region are isolated. One XUV spectrum with (blue)
and one without (red) continuum is shown in Fig. 8(b). Figure 8(c)
shows the spectral tunability of the source with different filters that
are typically used in the filter wheels (CEP was not stabilized during
the measurement with filters). The Zr spectrum (red) is the standard
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FIG. 8. (a) Single-shot 2D XUV spectrum. (b) Single-shot XUV spectrum for differ-
ent CEP values. (c) XUV spectrum behind Zr, Pd, Si, and Al thin film metallic filters
without CEP stabilization.

because it provides the highest photon energy and the highest inten-
sity on target, which is crucial for nonlinear experiments. The Pd
filter (blue) is used when high photon energies or good temporal iso-
lation of the attosecond pulses is important for an experiment. The
Al and Si filters are used for the calibration of the XUV spectrometer.
Moreover, the Si filter is also used to suppress higher photon energies
>100 eV. This is necessary for certain experiments, e.g., the nonlin-
ear 4x ionization of Xenon (Xe — Xe*"), which would be masked
by linear ionization triggered by photons originating from the cutoff
spectral region.*”

IV. TEMPORAL SUPER-RESOLUTION

Extending the spectral continuum is highly beneficial, as it indi-
cates the generation of increasingly well-isolated and more energetic
attosecond pulses.®® To this end, temporal super-resolution via spec-
tral amplitude modulation serves as a key technique that narrows
the temporal FWHM of the driver laser pulses.®* Figures 9(a) and
9(b) illustrate this technique. By cutting the laser spectrum around
its central wavelength, a reduction in FWHM pulse duration by 400
as down to 4.0 fs is achievable while maintaining the same spectral
range and central wavelength. This reduction in FWHM subse-
quently leads to a measured 35% expansion of the continuum part of
the XUV spectrum, as depicted in Fig. 9(c). Although this approach
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leads to a 28% reduction in driving laser intensity within the gas cell,
it is easily compensated for by increasing the beam diameter using
an iris before the AS beamline. With a larger beam diameter, the
focal spot size decreases, reducing the effective area for HHG and
ultimately leading to an XUV energy reduction of ~10%. Both of
the presented XUV spectra were measured in the saturated HHG
regime® to produce a broader continuum region. Temporal super-
resolution can produce even shorter pulses, down to 3.7 fs** and,
therefore, better isolation, but at the cost of a further reduction in
XUV energy.

V. XUV FOCUSING AND APPLICATIONS

As shown in Fig. 2, if the XUV beam is not sent to one of
the three detectors, it impinges on a gold-coated ellipsoidal mirror,
which focuses the XUV beam with a focal length of 125 mm onto a
CMOS camera or into the field of view of an ion microscope. The
ellipsoidal mirror has a grazing incidence angle of 8°; it supports the
entire spectral range of the Zr window, and it has a peak reflectiv-
ity of 75%. The CMOS camera is used for the characterization and
optimization of the XUV focus.® Its ability to acquire 2D images of
the focus with only a few and even a single shot is crucial because
it enables rapid alignment of the grazing incidence focusing mir-
ror, which has six degrees of freedom and is therefore difficult to
align.®® The feedback from the CMOS camera is used to maximize
the peak intensity of the XUV beam during the alignment procedure
of the ellipsoidal mirror. Several axes of the mirror are coupled to
each other, which makes 2D scans during the alignment necessary.
Figure 7(c) shows an average of 50 single-shot XUV foci with an
average FWHM of 5.7 ym.

Smearing effects due to the non-collinear geometry in the focus
reduce the temporal resolution. This turned out to be the dominant
limitation to the measurement accuracy, estimated to be about 50
as (with the above focus size and an angle of 4 mrad between the
XUV beams). It can be improved by reducing the beam diameter
in front of the ellipsoidal focusing mirror. In addition to grazing
incidence focusing, this beamline also offers the possibility to focus
the beam with spherical back-reflecting multilayer mirrors having a
125 mm focal length (not shown in Fig. 2). These allow investiga-
tions with a very small focus size down to 1 ym.”” Furthermore, the
spectral region of the focused beam is tunable over a wide range.””**
However, the spectral bandwidth of back-reflecting mirrors is lim-
ited, and the energy throughput is drastically reduced, e.g., 15% peak
reflectivity with a 10 eV bandwidth at 93 eV photon energy.
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The ion microscope acquires a magnified image of the (x) pro-
jected ion distribution that is generated by the XUV pulse in a low
density gas.”” It consists of a repeller and an extractor, between
which the low density gas sample is placed and where the XUV beam
is focused. It also includes two electrostatic lenses, which project a
magnified image of the ion distribution in the interaction plane onto
the detector. Furthermore, the ion microscope has two cylindrical
electrostatic lenses, which compensate for astigmatism in the image.
The detector of the ion microscope is a double microchannel plate
(MCP) with a chevron configuration and a phosphor screen. The
image of the phosphor is then recorded with a low-noise camera.”’
Depending on the geometry used (repeller and extractor distance)
in the ion microscope, this detector achieves a spatial resolution of
lor5um, corresponding to a 2 or 11 mm distance. Moreover, it is
possible to gate the MCP with a temporal window >8 ns. This makes
it possible to record the Time Of Flight (TOF) spectrum, which in
turn permits quantitative analysis of individual ionization states’’
and their spatial distribution. Figure 10 shows the projection of lin-
early ionized xenon ion distribution (sum of Xet, Xe?*t, and Xe3+)
along the x axis for the spherical back-reflecting mirror (reflectivity:
R = 15%, 88-98 eV) and the ellipsoidal grazing incidence focus-
ing mirror (R = 75%, 65-150 eV), respectively. The obtained focus
size with the spherical mirror, measured by the ion microscope, was
5.2 ym. It is limited by the resolution of the microscope used, with
the larger repeller-extractor distance (11 mm), to allow the incom-
ing beam to pass unclipped through the device. The real focus size
with the spherical mirror is estimated to be 1-2 ym, using the com-
bined observation of linearly and nonlinearly generated ions and
careful evaluation.’”” The ions in the background are produced by
the unfocused incoming XUV beam, which passes through the field
of view of the ion microscope in backreflection focusing geometry.

For direct comparison, the focus of the grazing incidence focus-
ing geometry [Fig. 10(b)] was measured with the same settings.
The size of the projected focus increases to 8.7 ym, which, after
deconvolution, gives a 6-7 um FWHM spot size. This is caused by
aberrations from the ellipsoidal mirror, which are especially high
along the y axis. This is clearly shown by the 2D images of the XUV
focus, which are acquired with the CMOS camera [Fig. 7(c)]. The
major advantage of the grazing incidence focusing is the broad band-
width and high reflectivity, which together provide a much higher
energy throughput, estimated to be about 27 times that achieved
with spherical focusing, for the Zr spectral window. Integrating
the plots in Fig. 10 indicates about 13 times more measured sig-
nal and, therefore, XUV photons, with the ellipsoidal mirror. This

11, 056115-8

8¢ :€¥ L0 920C aunf 60



75
60 »
— S
IS 45 ©
3 o
(@)
> '3() ()
O

15

“‘ 0

-200 -100 0 100 200
Z [um]

y [um]

9] & ylr

‘ " | w ;. b m ywz i

200 -100 0
z [um]

FIG. 10. lon distribution of linearly ionized Xe species measured with the ion
microscope. (a) Focusing with the spherical back-reflecting multilayer mirror. (b)
Focusing with the ellipsoidal grazing incidence mirror. For both measurements, 10
images with 2 s exposure time (200 XUV pulses) were averaged.

100 200

combination of a high-energy XUV and soft x-ray source with high
throughput focusing and the ion microscope as a detector allows
for the observation of a manifold of ionization phenomena, like,
e.g., single-photon multiple ionization and multlphoton multiple
ionization of atomic as well as molecular gases.””*”’*"’

In addition to the ion microscope, the AS beamline also
includes a Velocity Map Imaging (VMI) detector,”* enabling the
measurement of the transverse momentum of electrons up to 240 eV
in energy emitted after ionization. Comprehensive design specifica-
tions and SIMION simulations demonstrating the electron energy
resolution of this spectrometer are provided in the supplementary
material.

VI. SUMMARY

In this paper, we describe a high-energy attosecond XUV and
soft x-ray source and the associated beamline. The source delivers
an energy of 40-50 nJ in the spectral range of 65-150 eV with a
spectrum supporting isolated attosecond pulses. The HHG is opti-
mized using both numerical analysis and experimental techniques.
The influence of important parameters is studied, such as gas type
and pressure, driving laser intensity, focus, and pulse duration,
and the best parameters are used to produce stable, isolated, high-
energy XUV pulses. Various relevant characteristics of the XUV
source are measured, including energy, spectrum, beam profile, and
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divergence. Different XUV focusing optics are tested, and the XUV
focus in the interaction area is carefully measured. To characterize
the interaction of matter with the intense attosecond pulses, two
detectors are utilized, an ion microscope and an electron VMI spec-
trometer. Attosecond-level temporal resolution of the beamline and
its capability to support interactions in the XUV regime are experi-
mentally demonstrated. Because of the damage threshold limitation
on commercial flat mirrors by the laser, we are constrained to using
less than half of the LWS100 energy for HHG. Therefore, tempo-
ral super-resolution was also tested, which increases the continuum
spectral range and, therefore, the isolation and energy content of the
attosecond pulses. Our experimental findings indicate that HHG can
produce intense ultrashort pulses with the necessary intensity lev-
els for conducting nonlinear experiments in the XUV and soft x-ray
spectral range.

SUPPLEMENTARY MATERIAL

See the supplementary material for a detailed technical descrip-
tion of the Velocity Map Imaging (VMI) spectrometer, including
SIMION simulations of the electron trajectories, energy resolution
benchmarks (AE/E), and the Abel inversion procedure used for 3D
momentum reconstruction.
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