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ABSTRACT
We present the experimental realization of spectrally tunable, ultrashort, quasimonochromatic extreme ultraviolet (XUV) pulses generated
at 100 kHz repetition rate in a useroriented gas high harmonic generation beamline of the Extreme Light Infrastructure—Attosecond Light
Pulse Source facility. Versatile spectral and temporal shaping of the XUV pulses is accomplished with a doublegrating, timedelay com
pensated monochromator accommodating the two composing stages in a novel, asymmetrical geometry. This conguration supports the
achievement of high monochromatic XUV ux (2.8 ± 0.9 × 1010 photons/s at 39.7 eV selected with 700 meV full width at half maximum
bandwidth) combined with ultrashort pulse duration (4.0 ± 0.2 fs using 12.1 ± 0.6 fs driving pulses) and small spot size (sub100 μm).
Focusability, spectral bandwidth, and overall photon ux of the produced radiation were investigated, covering a wide range of instrumental
congurations. Moreover, complete temporal (intensity and phase) characterization of the fewfemtosecond monochromatic XUV pulses—a
goal that is difcult to achieve by conventional reconstruction techniques—has been realized using a ptychographic algorithm on experi
mentally recorded XUVinfrared pump–probe traces. The presented results contribute to in situ, timeresolved experiments, accessing direct
information on the electronic structure dynamics of novel target materials.
© 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/10.1063/5.0147576

I. INTRODUCTION

Coherent extreme ultraviolet (XUV) and soft xray photon
sources are the primary drivers behind the modern scientic
investigation of matter at spatial and temporal scales relevant to
resolve their electronic structure and dynamics. Such radiation
can be provided by a wide range of instruments,1 such as xray
lasers,2 synchrotron light sources,3 or freeelectron lasers (FELs).4,5

The discovery of highorder harmonic generation (HHG) through
the nonlinear interaction6,7 of an intense infrared (IR) pulse with
solid or gaseous targets8,9 has opened up the way to tabletop XUV
light sources with various favorable traits. Radiation produced
by HHG can be tuned up to several keV photon energies,10–13
and it shows good spatial and temporal coherence properties,
excellent beam quality, and ultrashort pulse duration down to the
sub100 as regime.10,14,15 These features allowed for pioneering
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research applications, enabling, among other benets, attosecond
metrology,16,17 femtosecond spectroscopy,18 high resolution
nondestructive dynamic imaging of nanosystems,19–22 freeelectron
laser seeding,23 and boosted the development of nonlinear optics in
the XUV spectral range.24,25

Generally, the highorder harmonic spectrum is composed of a
series of peaks appearing at the odd multiples of the central laser fre
quency. The characteristic spectral shape consists of a rapid decline
in the intensity of the peaks at the rst group of harmonic orders fol
lowed by a plateau region and a dramatic dropdown in the cutoff
domain. The precise manipulation of the harmonic spectral features
is of utmost signicance in expanding the landscape of scientic
applications of such sources. In particular, the extraction of a sin
gle harmonic peak (or a part of it) from a broad high harmonic
spectrum coupled with the ability to tune such a selection over
a desired wavelength range opens up the possibility to probe the
electronic band structure of complex materials. In addition, tran
sient phases can also be studied when such a monochromatic XUV
source is combined with ultrashort laser pulses in a pump–probe
excitation scheme. The combination of ultrafast monochromatic
excitation and angleresolved photoemission spectroscopy (ARPES)
as a diagnostic technique26–30 provides new opportunities: their
joint capabilities expand the highresolution energy and momen
tum information about the solid microworld with femtosecond
timeresolution, providing direct access to the underlying dynami
cal processes. The research interests include, for example, ultrafast
changes in the population of energy levels including cooling of
excited carriers via electron–phonon coupling,31 temporal occupa
tions of empty states of the band structure,32 collective excitation
dynamics of phonons,33 observation of scattering channels and
associated excited states,34 nonequilibrium processes in correlated
systems,35 ultrafast dynamics of excitons,36 or metaltoinsulator
transitions.37,38

In this work, we present the detailed characterization of ultra
short, spectrally tunable monochromatized XUV pulses produced
via gas HHG at a 100 kHz repetition rate and shaped by a double
grating XUV monochromator. For the rst time to our knowl
edge, the ultrashort monochromatic pulses were realized with a
timedelay compensating monochromator that had an asymmet
ric arrangement of the two composing stages. This conguration
yielded ultrashort monochromatic pulses with high XUV ux via
HHG driven by a high average power laser source. The annularly
shaped generating IR beam was ltered out from the XUV radi
ation using spatial separation.39,40 This procedure needed a long
rst stage input arm, to which a shorter second compressor stage
was coupled, enabling tight focusing conditions before the target
region as well as the reduction of the required laboratory space. The
paper is divided into the following sections: Sec. II discusses in detail
the optical layout for XUV generation and the subsequent beam
shaping, including the alignment of the driving laser beam, spatial
IR ltering, and timepreserving monochromatization in an asym
metric geometry. Section III exhibits the comprehensive —spatial,
spectral, and temporal —characterization of the generated radiation,
supplemented with the measurement of the efciency and over
all photon ux. Finally, the conclusive remarks are summarized
in Sec. IV.

II. GENERATION OF ULTRASHORT
MONOCHROMATIZED XUV PULSES
A. Highorder harmonic generation
at high repetition rate

The experiments were conducted at the high repetition rate’s
highorder harmonic generation beamline constructed for mea
surements with condensed targets (HR GHHG Condensed) at
the Extreme Light Infrastructure—Attosecond Light Pulse Source
(ELI ALPS) facility.15,41 The beamline is driven by the HR1 laser
system (developed by Active Fiber Systems GmbH) with pulses of 1
mJ, down to 6 fs duration at 100 kHz repetition rate.42 It is designed
to provide XUV light with photon energies ranging from 17 to 90 eV.
The setup supports the potential of broadband spectral tuning in
the generation process itself.43–45 During the experiments, argon
was used as the target gas, and phase matching conditions were
ne tuned to maximize the XUV ux around the photon energy
of interest. An important part of this process was the utilization of
a watercooled, customdesigned target system46 that provided the
possibility to shift between various cell lengths (4, 7, or 10 mm)
and to adjust the cell position along the beam propagation direc
tion without breaking the vacuum environment. In addition, the
laser output power and the backing pressure (usually a few tens of
mbar) were also optimized. Upon entering the generation chamber
(CH01), the IR beam having a central wavelength of 1030 nm is
directed by steering mirrors toward a holey splitting mirror (HSM),
where it is divided into an annular generation and a central dressing
beam (Fig. 1). In both the annular and central arms, a pair of anti
reective coated fused silica wedges (W1 and W2) are used to ne
tune the dispersion of the laser pulses independently. The annularly
shaped generation beam having a pulse energy of ∼590 μJ is focused
into the gas cell with a focusing mirror (focal length: 900 mm)
into an estimated maximum IR intensity of about 2.7 × 1014 W/cm2

and an ∼145 μm diameter IR spot at the XUV generation point. A
direct beam control and referencing system, consisting of motor
ized mirror mounts and optical references implemented inside the
vacuum chambers, is utilized for precise beam alignment, which is
critical due to the long beam path (≈17 m) and high average laser
power involved. Upon entering the generation chamber (CH01),
the beam is centered onto the HSM at an incident angle of 45○, based
on the optical image of the mirror surface and a motorized iris in
the beam path of the central beam (I1), which are used as the rst
and second optical reference points, respectively. The annular por
tion of the beam is then aligned on the irises I2 and I3 in CH01
before the XUV monochromator. The central beam passes through
the chamber hosting the rst monochromator stage (CH06) with
out alteration and is subsequently aligned in CH02 with the help
of another iris (I4) and the image of the hole at the center of the
holey focusing mirror (HFM) before it is recombined with the XUV
light for pump–probe measurements. The HFM focuses the IR light
into the interaction zone (target I) of the rst experimental chamber
(CH03), where a timeofight electron spectrometer (TOF, type
Stefan Kaesdorf ETF11) is hosted. A spatial overlap between the
XUV and IR pulses is established by the motorized tip–tilt adjust
ments of the HFM and the succeeding recombination mirror
in CH02, while the temporal overlap can be set with sub7 as
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FIG. 1. Schematics of the HR GHHG
Condensed beamline with the XUV
monochromator included (circumscribed
with a dashed green line). HSM: holey
splitting mirror; W: wedge pair; I: iris;
GC: gas cell; FW: lter wheel; CTM: col
limating toroidal mirror; G: grating; FTM:
focusing toroidal mirror; BTM: broadband
toroidal mirror; CAM: camera; S: slit; Sc:
scintillator crystal; HFM: holey focusing
mirror; DS: delay stage; TM: toroidal mir
ror; EM: ellipsoidal mirror; and PD: XUV
photodiode.

resolution using a delay stage (DS) implemented in the same cham
ber. CH04 and 05 contain the diagnostic equipment monitoring the
pulse energy and the spectral characteristics of the XUV radiation. A
retractable toroidal mirror (TM) can steer the beam toward an XUV
spectrometer in CH05, which is composed of a curved, variable
linespaced diffraction grating (HITACHI 0010437), a microchan
nel plate (MCP, type Photek VID140), and a phosphor screen (P43).
A CMOS camera collects the light emitted from the phosphor
screen behind the MCP. The XUV pulse energy can be measured
directly after the TOF target region by a retractable XUV photodiode
(PD, type NIST 40790C), which consists of a fused silica disk with a
thin lm (about 150 nm) of aluminum oxide deposited on top. It is
absolutely calibrated in the 5–120 nmwavelength range and is totally
blind to IR radiation. Finally, if neither the XUV spectrometer nor
the photodiode is in use, the beam is focused by an ellipsoidal mir
ror (EM) into the second target region (target II), where an optional
end station (currently a spin and energyltering photoemission
microscope —NanoESCA47) is installed.

B. Spectral selection with timedelay compensation
The XUV domain puts many obstacles in the way of utilizing

conventional optical designs due to the generally low reectivity,
high absorption, and strong scattering of materials. One simple
solution for the selection of an individual harmonic peak is using
multilayer mirrors constructed from multiple alternating dielectric
layers deposited on a smooth substrate surface. On the one hand,
multilayer mirrors are advantageous in the preservation of pulse
duration for close to normal incidence reections, and they pro
vide high efciency, low aberrations, and are able to achieve tight
focusing conditions.48,49 On the other hand, the lack of exibility
(a new multilayer design is desired for each harmonic frequency)
and poor contrast between neighboring harmonics called for the
realization of grating monochromators that use dispersive elements
for spectral selection.50,51 The diffraction grating can be oriented

with the rulings perpendicular or parallel to the plane of incidence,
depending on the favored properties of the monochromatized XUV
radiation. The rst, i.e., classical diffraction mount, is usually pre
ferred for providing high angular dispersion and, therefore, better
spectral resolution. In contrast, the design with parallel rulings,
called conical diffraction mount, or offplane mount is favored for
its better temporal response and higher efciency.52 The grating
equation for the offplane mount conguration is given as

sin γsin α + sin β = mλσ, (1)

where α and β are the azimuths of the incident and diffracted light
rays at wavelength λ and orderm, respectively, γ is the altitude angle,
and σ is the groove density [Fig. 2(a)]. Although the optical design
of a monochromator is usually optimized for one or the other grat
ing orientations determined by the target application of the system,
doubleconguration grating monochromators are also available to
provide either ultrafast time response with low spectral resolution
or a longer temporal output with higher resolution in a selectable
arrangement.53 A complete XUV monochromator stage is most
commonly realized in the Czerny–Turner conguration consisting
of a collimating mirror, a plane grating, and a focusing mirror, all
in grazing incidence [Fig. 2(b)], although a simpler but more expen
sive design utilizing a single active deformable mirror to ne tune
the focusing conditions has also been reported.54

The use of a single diffractive element introduces variation in
the optical path of an ultrashort pulse across its beam prole, also
known as pulse front tilt,55 thereby leading to temporal stretching.
The total time difference across the dispersed spot for wavelength λ
diffracted at orderm is calculated asNmλ, whereN is the total num
ber of illuminated grooves. It is possible to restore the tilted pulse
front by adding a second diffraction element in a subtractive cong
uration, resulting in a timedelay compensating monochromator.56
More generally, by adjusting the optical path between the compos
ing diffraction stages, customizable gratingbased pulse shapers can
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be constructed in the XUV spectral domain for the ne compensa
tion of the intrinsic chirp of the high harmonic radiation.57 Using a
timedelay compensated arrangement, Lucchini et al. demonstrated
the possibility to generate and characterize ultrashort HHGbased
monochromatic XUV pulses down to 5 fs temporal duration.58

The XUVmonochromator of theHR GHHG Condensed beam
line is composed of two optical stages, installed in CH06 and
CH02, respectively, containing altogether four toroidal mirrors and
two plane gratings as shown in Fig. 1. The monochromator is oper
ated without entrance slit using the HHG point as the image source.
The rst toroidal mirror (CTM1) collimates the light coming from
the source point for the rst plane grating (G1), and then, the second
toroidal mirror (FTM1) focuses the diffracted light on the exit slit,
where the light is monochromatized with a tilted pulse front. The
second section (CTM2 + G2 + FTM2) compensates for this pulse
front tilt. In order to maximize the throughput of the monochroma
tor, all composing optics are operated at grazing incidence with the
offplane mount congurations of the gratings. Wavelength scan
ning is achieved by rotating the gratings in a coherent manner (one
clockwise and the other counterclockwise) around the axes passing
through the center of the gratings and parallel to the groove direction
[see Fig. 2(b)].

The input/exit arms of the rst monochromator stage were
designed to be 2 m long, resulting in a total stage length of 4.5 m.
Such a long rst stage allows the ltering of the XUV from the resid
ual IR via the spatial separation of the XUV and IR beams due to
their differing divergences.40 The annularly shaped generating beam
is removed from the XUV optical path with a holeymirror that sends
the light onto a watercooled beam dump before the rst monochro
mator stage in CH06 (see Fig. 1). Existing timedelay compen
sating monochromators have two equally constructed stages with
two identical gratings and correspondingly equal input (exit) arm
lengths.59 The use of the aforementioned annular geometry speci
cally designed for the high average power GHHG beamline, and the
limited available laboratory space have motivated the construction
of a novel, asymmetric monochromator. This geometry incorporates
a long input arm of the rst monochromator stage while ensuring

tight focusing conditions before the target region. The monochro
mator design described in this paper adopted input/output arms
that are twice as long in the rst section than in the second one.
Accordingly, the groove densities of the G2 gratings are also doubled
compared to G1 in order to zero out the pulse front tilt.

The beamline can be operated in three congurations.

● Broadband operation: The generated bandwidth of the high
harmonic spectrum is entirely transmitted through the
monochromator system. The XUV light is reected by two
goldcoated toroidal relay mirrors (BTM1 and BTM2 in
Fig. 1) used in a 1:1 conguration, giving a total reectivity
above 80% for spolarized light in the operational spectral
regime of the beamline (17–90 eV). The metallic lter is
inserted through the lter wheel (FW in Fig. 1) to lter out
any residual IR contamination and to compensate for the
attochirp. In the broadband operational mode, the slit (S in
Fig. 1) is open to avoid beam clipping.● Highux monochromatized operation: The monochroma
tor optics of the rst stage (CTM1, G1, and FTM1) are
inserted, while the second stage is left in the broadband
option (BTM2 inserted). The variable width slit (S) is used
for the spectral selection of the diffracted radiation. Having
a single diffracting section in the optical path, the photon
ux of the monochromatic XUV light is maximized at the
expense of the temporal response.● Timedelay compensated monochromatized operation:
Both of the monochromator stages are utilized, giving pulse
front tilt compensated monochromatic XUV radiation with
pulse durations close to the Fourier limit.

The monochromator accommodates different gratings, which are
mounted on linear translators and can be automatically selected.
The main specications of all monochromator gratings are listed
in Table I. Three gratings are used for high spectral resolution
(50–800 meV), and two for low resolution (100–2000 meV), while
providing a better temporal response in the timedelay compensated

FIG. 2. (a) Schematic diagram of the diffraction geometry in
the offplane mount. (b) Layout of a single Czerny–Turner
monochromator stage using the offplane conguration.
The grating is rotated around an axis parallel to the
grooves (indicated with a blue line) to select different photon
energies.
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TABLE I. Specications of various optical gratings utilized in the monochromator. The
parameters of the two grid pairs used for the experimental demonstration of the tem
poral stretching restoration are highlighted in red. The blaze photon energy of each
grating is indicated in parentheses. In the grating designation, the number “1” or “2”
refers to the stage, in which the grating is located, while capital letters “A”–“E” mark
different optimal photon energy ranges for the given optics.

First stage (in CH06) Second stage (in CH02)

Low energy resolution option (100–2000 meV)

G1A: 150 gr/mm G2A: 300 gr/mm
17–50 eV (35 eV) 17–50 eV (31 eV)

G1B: 300 gr/mm G2B: 600 gr/mm
42–90 eV (60 eV) 42–90 eV (52 eV)

High energy resolution option (50–800 meV)

G1C: 300 gr/mm G2C: 600 gr/mm
17–42 eV (24 eV) 17–42 eV (26 eV)

G1D: 600 gr/mm G2D: 1200 gr/mm
25–60 eV (43 eV) 25–60 eV (43 eV)

G1E: 1200 gr/mm G2E: 2400 gr/mm
45–90 eV (70 eV) 45–90 eV (85 eV)

mode at the same slit width. The free spectral range and efciency
of the gratings are adjusted to cover the design bandwidth of the
beamline (17–90 eV) in both modes.

III. DIAGNOSIS OF THE XUV BEAM
A. Focusability

The focusability of the instrument was tested using the zero
order diffraction of the gratings both after the rst [Figs. 3(a) and
3(b)] and second stages of the monochromator [Figs. 3(c) and
3(d)] by recording, with CMOS cameras, uorescent light from the
Ce:YAG scintillator crystals installed after each stage. The crystals
were placed at the position of the slit (CH07) and the target region
of the TOF spectrometer (CH03), respectively, where the two after
stage focii are located. Figure 3 demonstrates nice, aberrationfree
(down to the source size) XUV spots having full width at half maxi
mum (FWHM) diameters below 100 μm after both stages. The slit
was removed during the measurements. Note that in CH07, the
Ce:YAG crystal—irradiated normally to the surface—was tilted by
45○ with respect to the camera around a vertical axis in the lab
oratory frame, while the crystal in CH03 was observed normally
to the surface but was tilted by 45○ both around the beam prop
agation axis and around the global vertical axis. Such geometries
were taken into account in the visualization of the recorded spots
in Fig. 3 and in the calculation of the FWHM beam diameters of
the vertical and horizontal integrated beam proles depicted in each
subset by the orange and white curves, respectively. The spot sizes
were found to be between 70 and 100 μm in the case of all oper
ational modes of the monochromator as demonstrated in Fig. 3:

for two gratings with the lowest (a) and highest (b) groove densi
ties, as well as for the highux (c) and timedelay compensated (d)
operational modes. The spot sizes in the diffracted beam were also
measured, and they were found to be almost constant for the dif
ferent harmonics and similar to the zero order spot size. Figure 4
shows the harmonic spots in the rst order diffraction with the
image quality optimized for the 35th harmonic order (propagat
ing through the optical axis of the focusing toroidal mirror at this
particular azimuth angle of the grating). Although the focusing con
ditions for different harmonics can be different due to the inherent
wavelength dependence of HHG,60–63 the measured diameters for a
given harmonic were found to be similar after each monochroma
tor stage and larger than the diffractionlimited size, indicating that
they are limited by the nite spot size of the XUV source (imaged in a
onetoone ratio throughout the beamline), which is estimated to be
around 60 μm, assuming a 1/6 scaling with the estimated laser spot
size of 145 m.64

B. Spectral bandwidth
Prior to testing the spectral and temporal performances of the

XUVmonochromator, the systemwas spectrally calibrated using the
following procedure:

(i) The rst stage was set to zero order, and the position of the
focused beam on the Ce:YAG crystal in CH07 was recorded.
By acting on the pitch of the plane grating [i.e., the rota
tion around an axis parallel to the grating surface and to the
grooves, illustrated by a blue line in Fig. 2(b)] with a cali
brated stepper motor, it was assured that the focal spot of
the zero order beam is centered on the slit. The pitch value
in degrees corresponding to this situation was handled as an
offset during calibration.

(ii) The pitch of the grating was changed until harmonics
appeared on the crystal from the rst order diffraction. Each
harmonic was centered on the slit, and the offsetcorrected
pitch values (Δβmeasured = β + α, see Fig. 2) were recorded.

(iii) By knowing the separation between consecutive harmonics
(2.41 eV using a generation beam centered at 1030 nm), the
azimuth of the diffracted and incident rays Δβtheoretical was
calculated for assumed harmonic wavelengths λ by using
the grating equation for the offplane geometry,

Δβtheoretical = sin−1 mλσ
2 sin γ

, (2)

where m = 1 is the order of diffraction, and σ and γ are the
groove density and the altitude angle, respectively, both are
specied by the grating manufacturer.

(iv) The assumptions about the λ harmonic wavelength values
and the γ altitude angle were adjusted for the best possible
agreement between Δβtheoretical and Δβmeasured.

(v) Steps (i)–(iv) were repeated for all ve gratings in the rst
stage of the monochromator, making sure that close agree
ment between the used λ and γ values should be obtained
for all gratings. Special attention was paid to guaranteeing
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FIG. 3. XUV focal spots diffracted in the zero order after
the rst (a) and (b) and second (c) and (d) stages of the
monochromator using gratings with different groove densi
ties indicated in the topleft corner. After the second stage,
the focal spot was measured both in the highux (HF)
(c) and in the timedelay compensated (TDC) (d) opera
tional modes.

FIG. 4. Raw camera image showing harmonics (H) diffracted in the rst order and focused on the scintillator crystal after the rst monochromator stage using the 150 gr/mm
grating. The zero order condition of the same monochromator conguration is depicted in Fig. 3(a). The white curve represents the vertically integrated intensity of the beam
prole.

the latter during the installation and manual alignment of the
gratings.

The spectral performance of the monochromator was validated by
measuring the separation of harmonics on the Ce:YAG screen in
CH07. The results are presented in Figs. 5(a) and 5(b) in the low
and high energy resolution modes, respectively, revealing that the
measured (marked with circles) and the theoretically achievable
minimum (marked with stars, determined using raytracing simu
lation) spectral selectivity values are close to one another in case of
all plane gratings. On the one hand, in the high resolution option, a
bandwidth in the order of 100 meV or even narrower is achievable
for harmonics below 35 eV. On the other hand, in the low energy
resolution mode, it is possible to set a bandwidth that is high enough
to separate two consecutive harmonics over the whole working pho
ton energy range of theHRGHHGCondensed beamline. In this way,
it is feasible to separate individual harmonics while preserving their

total natural bandwidth, thereby achieving better ux compared to a
narrow bandwidth selection.

C. Time duration of pulses
Measuring the duration of monochromatic XUV pulses is

a challenging task due to their ultrashort nature (few fs), ener
getic spectral range (few nm), and relatively low ux, i.e., features
that prevent, in one way or another, the utilization of conven
tional pulse characterization methods, such as electronic sampling
or XUV–XUV autocorrelation.25,65 Nevertheless, a crosscorrelation
scheme can still be implemented by combining spatially and tem
porally the monochromatic XUV radiation with a weak portion of
the generating IR eld.58,66 The spatial overlap was ensured using
the Ce:YAG crystal in CH03, while the temporal overlap was found
rst by using a combination of an ultrafast photodiode and an
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oscilloscope (Tektronix MSO/DPO70000) with few ps resolutions
and then—more accurately—by monitoring the IR–IR pump–probe
interference pattern on a beam proler (ThorlabsBC106NVIS/M)
at a low nominal output power (≈1 W) of the primary laser source.
A motorized iris (I1) in CH01 was used to decrease the IR intensity
to the 1011–1012 W/cm2 range in the XUV–IR interaction volume.

Argon gas atoms were ionized by the XUV light in the interac
tion region of the TOF electron spectrometer. If the XUV photons
have enough energy to overcome the ionization potential of the
target atom and in the absence of particular atomic structures or
resonances, the temporal properties of the XUV radiation will be
directly imprinted into the generated electron burst.58 The pho
toelectron spectrum will thus resemble the photon spectrum. In
the presence of an IR eld, the electron momenta get modulated
before detection. By scanning the relative delay between the IR and
XUV pulses, we obtain a collection of modulated electron spectra,
which is called a spectrogram. The spectrogram of a single harmonic
selected by the monochromator consists of a single photoelectron
peak corresponding to direct ionization via the absorption of an
XUV photon from the harmonic. Additional sideband (SB) lines of
a given length spaced by ±hωIR around the XUV photoelectron peak
appear; the energy levels represented by these lines are reached by
the absorption of an XUV photon and the absorption/emission of
at least one IR photon with the central angular frequency of ωIR.
In the case of a single harmonic, this SB signal does not oscillate,
as only one pathway contributes to the formation of a SB com
pared to the spectrograms obtained with a comb of harmonics.5,39,40
Nevertheless, the SB signal is still sensitive to the XUV and IR inten
sity envelopes, and it can be used to estimate the time durations of
the pulses.67

1. Long driving pulses
A rst and easy approach to estimate the XUV pulse duration is

by calculating the SB duration from the SB yield as a function of the
XUV–IR temporal delay. If the XUV photon energy is high enough
to allow the XUV eld to dominate the continuum electron dynam
ics during photoionization, the core potential can be treated as a
small perturbation ignored to the lowest order (strong eld approx
imation, SFA67,68). This results in the following expression for the
photoelectron kinetic energy spectrogram Sp, τ in atomic units:

Sp, τ = ∣ +∞
−∞ dtXsit + τeiϕp,tei( p2

2 +Ip)t∣2, in which, (3)

ϕp, t = − ∞
t

dt′p ⋅AIRt′ + A2
IRt′/2, (4)

where Xsit is the photoelectron wavepacket, which, neglecting the
resonances and strong modulations of the dipole moment of the tar
get rare gas atom,69,70 can be approximated with the temporal prole
of the XUV eld, EXUVt. Ip is the gas ionization potential, p is the
nal electron momentum, and τ is the XUVIR temporal delay. If
the IR intensity is set to generate only the rst SB order, and both
the IR and the XUV pulses can be considered under the conditions
of the slowly varying envelope approximation, then it is possible to
show that the SB signal follows the crosscorrelation between the IR
and XUV pulses.58 Moreover, assuming that the pulses have a Gaus
sian temporal prole and knowing the IR time duration τIR, the
XUV time duration τXUV can be obtained from the SB temporal
width τSB with the simple relation,

FIG. 5. FWHM bandwidth of the selected high harmonic radiation in the low (a) and high (b) energy resolution modes (circle—raytracing simulation and star—measurement).
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τXUV,meas = √
τ2SB − τ2IR. (5)

To achieve such conditions, the HR1 laser system was used with
a single compression stage, delivering multicycle laser pulses. The
FWHM pulse duration close to the HHG point was measured to be
τIR = 38 fs by frequencyresolved optical gating (FROG).71 Figure 6
shows the experimental photoelectron spectrograms measured at
the output of the monochromator operating in the low (a) and (b)
and high energy resolution modes (c) and (d) with the selection
of the 29th harmonic. For a direct demonstration of pulse front
tilt compensation, the measurements conducted in highux mode
(a) and (c) were repeated in the timedelay compensated cong
uration (b) and (d). Every spectrum was normalized to the total
count at a xed delay in order to decrease the effect of harmonic
signal uctuation. The measurements in the low resolution option
show that SB durations, written in blue in Fig. 6, of around 85 fs
(e) were cut to around 46 fs (f) when the second grating stage was
also used.

The measurements were repeated in the high energy resolu
tion mode, where a narrow bandwidth of 120 meV was selected by
adjusting the slit width to 70 μm. Here, uncompressed XUV pulses
yielding SB durations of 136 fs [Fig. 6(g)] were shortened to only
around 42 fs [Fig. 6(h)], which is similar to the duration obtained in
the low energy resolution mode.

The temporal broadening τp due to induced pulse front tilt can
be described by the following equation:55

τp = λ
c

σmS
cos Δβ

, (6)

where λ is the central wavelength, σ is the groove density, m is the
diffraction order, S is the focused XUV spot size, c is the speed of
light, and Δβ is the azimuth angle.

According to Eq. (6), a grating pair with double groove density
in the setup (which is the case for the grating pairs tested in the high
energy resolution mode, see Table I) should result in a pulse front
tilt twice as large. The measured shortenings of around 40 and 95 fs
in the low and high energy resolution options, respectively, are in
good agreement with the groove densities of the grating pairs used
in these two monochromator congurations.

In order to further benchmark the reconstruction procedure,
the measurements were repeated at a different XUV photon energy
(corresponding to the 35th harmonic), and a rough estimation
of the temporal response of the monochromator was also per
formed (Table II). Here, the transformlimited XUV pulse durations
were calculated either from the adjusted spectral selection of the
monochromator (in the high energy resolution mode) or from the
XUV photon spectrum recorded with the ateld XUV spectrom
eter (in the low energy resolution mode), see the third and fourth
columns in Table II.

Two effects were considered on the ultrafast pulse that lead to
pulse elongation even in the timedelay compensated conguration.
The rst one was the group delay dispersion (GDD) introduced in
the timedelay compensated operation (fth column in Table II).
Analogously to grating compressors for the visibleinfrared spec
tral range,72,73 the timedelay compensated operational mode of the
monochromator is considered an XUV pulse shaper that introduces
a controllable GDD. The optical path decreases linearly with the

wavelength, and this forces the GDD to be almost constant and
positive. In particular, its value depends on the chosen grating, the
photon energy, and the actual XUV bandwidth.57,74 For the current
work, the residual GDD was estimated with a custom raytracing
program,74 with which the optical path lengths of the rays propagat
ing through the monochromator [lωXUV] could be calculated and
the GDD could be derived using the formula:

GDDωXUV = 1
c
∂lωXUV
∂ωXUV

. (7)

For the 29th and 35th harmonics selected in the low energy reso
lution mode, the residual GDD was estimated to be 12 and 4 fs2,
respectively. Correspondingly, for the same harmonics selected in
the high energy resolution scheme, a GDD of 40 and 20 fs2 is
expected for bandwidths of 120 and 210 meV. The second effect was
the compensation of the pulse front tilt due to diffraction. This is
accomplished when all the rays that have equal wavelengths and are
emitted in different directions by the high harmonic source travel
the same optical path. Ideally, the compensation is perfect for a
doublegrating conguration, although a slight misalignment in the
optical path and/or distortions introduced by the imaging optics
may give some residual aberrations of the pulse front, which was
estimated to be below 10 fs by ray tracing simulations (column six).
Both methods give coherent results for the pulse durations of the
studied monochromatic XUV pulses between 13 and 27 fs [corre
sponding to the uncertainty of the simple reconstruction based on
Eq. (5)] after timedelay compensation. As a rule of thumb, the
duration of a single harmonic pulse should roughly equal half the
duration of the driving IR pulse due to transient phase matching at a
typical few percent ionization rate in case of the applied generation
conditions.58,75 Therefore, these values are consistent with the rela
tively long (τIR ≈ 40 fs) generating fundamental eld used during the
XUV–IR crosscorrelation measurements.

2. Short driving pulses
In order to assess and validate the limit of the temporal capa

bilities of the monochromator using spectrally broad harmonics,
the laser was set up in the short pulse mode, utilizing both post
compression stages and providing pulses down to 6 fs duration.
The pulse duration was veried at the laser output using second
harmonic dispersion scan.76 In the generation chamber of the HR
GHHG Condensed beamline, the thickness of two fused silica wedge
pairs (W1 and W2 in Fig. 1) was increased nely and simultane
ously to introduce dispersion until the harmonic peaks in the XUV
spectrum became distinguishable, but not fully separated, stretch
ing the laser pulses to ∼10–15 fs. At around 34.9 eV, a single peak
(corresponding to the 29th harmonic) was selected with an FWHM
bandwidth of 700 meV, and XUVIR crosscorrelation traces were
recorded by ionizing Ar atoms in the TOF electron spectrometer.

The FrequencyResolved Optical Gating for Complete Recon
struction of Attosecond Bursts (FROG CRAB) technique was devel
oped for the retrieval of the amplitude and phase of attosecond XUV
elds from twocolor crosscorrelation spectrograms.77 However,
the selection of a narrow bandwidth from the broadband spec
trum results in the loss of subcycle resolution in the FROG CRAB
trace. This reduced information hinders the application of the most
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FIG. 6. Experimental pump–probe traces recorded in low (a) and (b) and high resolution (c) and (d) modes with the selection of the 29th harmonic without (a) and (c) and
with (b) and (d) timedelay compensations using the double grating (TDC) and highux (HF) setups, respectively. (e)–(h): Timedependent spectrally integrated signals of
the upper SBs depicted in subplots (a)–(d), respectively. The specications of the gratings (G1A, G2A, G1C, and G2C) used in the measurements are listed in Table I.
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commonly used reconstruction techniques in the case of single har
monic fewfemtosecond XUV pulses. For this reason, we have used
the combination of FROG CRAB with the extended ptychographic
engine (ePIE), which has already proven its competence to tem
porally characterize ultrashort XUV pulses produced by HHG and
spectrally selected by a monochromator.58 Moreover, it was demon
strated that ePIE has a variety of advantageous traits in comparison
with other iterative pulse reconstruction techniques,71,78 such as out
standing convergence, robustness to white noise, and capability to
work with nonequidistant sampling of the delay axis.79,80

Figures 7(a) and 7(b) present the experimentally recorded spec
trogram and its ePIE reconstruction, respectively. A quasiparallel
tilt in both the bottom and top SBs is clearly visible in both traces,
indicating the presence of temporal chirp in the monochromatic
XUV pulses.67 As initial conditions, the Fourierlimited pulse dura
tions of the IR and XUV pulses were assumed to be 7 and 4 fs,

respectively, and the chirp of the IR eld was taken as 25 fs2. The
ePIE algorithm was iterated 1000 times until a good agreement was
obtained between the reconstructed and experimental traces. The
reconstruction of the temporal prole of the IR and XUV elds is
shown in Figs. 7(c) and 7(d), respectively. The validity of the recon
struction was crosschecked by comparing the reconstructed XUV
spectrum [marked with a solid purple line in the small inset of
Fig. 7(d)] to a spectrum recorded by the ateld XUV spectrom
eter (solid green line in the same subplot). The good agreement
between the two spectra further supports the correct convergence of
the algorithm. The reconstruction was repeated several times with
random initial guesses for the transformlimited XUV and IR pulse
durations as well as for the chirp of the driving eld in order to
validate the correct divergence and obtain the error of the recon
struction. In this way, the temporal durations of the IR and XUV
pulses were determined to be 12.1± 0.6, and 4.0± 0.2 fs, respectively.

TABLE II. Comparison of estimated and measured XUV pulse durations, denoted as boldface values.

Mode Harm. order Bandwidth (meV) FL pulse duration (fs) GDD (fs2) Aberrations (fs) τXUV,est (fs) τXUV,meas (fs)

Low energy res. 29 400 4.6 12 ≜10 ≜18.6 22.7
35 400 4.6 4 ≜10 ≜15.2 15.8

High energy res. 29 120 15.2 40 ≜10 ≜26.8 12.8
35 210 8.7 20 ≜10 ≜20.8 26.5

FIG. 7. Complete temporal characterization of monochromatic XUV pulses using the ptychographic reconstruction technique. (a) Experimentally recorded and (b) retrieved
spectrograms. (c) The reconstructed temporal prole of the electric eld amplitude (solid green) and envelope (dashed red). The temporal intensity envelope (solid red)
of the same pulse is represented in the small inset. Subplot (d) displays the reconstructed XUV temporal intensity (light blue) and phase (brown). The inset shows the
comparison of the retrieved XUV spectrum (purple) to the one measured using an XUV photon spectrometer (green). The spectral bandwidth was found to be 700 meV
(FWHM) corresponding to the transformlimited pulse duration of 3.0 fs. The initial conditions of this particular reconstruction were 7 and 4 fs IR and XUV transformlimited
pulse durations, respectively, and 25 fs2 IR chirp. Using a wide set of initial values, the temporal durations were retrieved as 12.1 ± 0.6 and 4.0 ± 0.2 fs for the IR and XUV
pulses, respectively.
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The latter value is slightly smaller than the shortest XUV pulse dura
tion (5.0 ± 0.5 fs) reported so far at the output of a timepreserving
monochromator.58

D. Efciency and photon ux
The overall transport efciency of the monochromator and the

output photon ux are critical parameters for checking the feasi
bility of an experiment and determining how long that experiment
will take to produce reasonable statistics. In order to determine the
efciency of the rst (second) monochromator stage, the grating in
the rst (second) stage was operated in the rst order diffraction,
while only a single toroidal mirror was left in the beam path in the
remaining stage. The slit width was set to the maximum (450 μm)
to allow the largest possible bandwidth of a single harmonic to

be transmitted through the XUV monochromator. The spectra
of the produced radiation were recorded with the ateld XUV
spectrometer located in CH05 (see Fig. 1) and the signal integrated
into a single harmonic peak was compared to that of the broadband
operation. Figures 8(a) and 8(b) show the efciencies of the rst and
second monochromator stages, respectively. For each grating, the
blaze photon energy (hνb) is indicated in the gure legend. Figure 8
reveals that, for most cases, the efciency is higher close to the blaze
conditions of the gratings and lower for gratings with higher groove
densities when the amount of radiation diffracted in the zero order
increases. Due to the offplane mount of the gratings and all optics
operating at grazing incidence, a relatively high efciency can be
reached, i.e., 70% ± 14% for the rst (using G1A) and 33% ± 11%
for the second stage (using G2D) at photon energies of 40 and
47 eV, respectively. The efciency in the timedelay compensated

FIG. 8. Efciency of the rst (a) and second (b) monochromator stages in the rst diffraction order with respect to the broadband conguration. (c) Absolute XUV photon
ux of a single harmonic measured at the output of the monochromator in the timedelay compensated operational mode. The error bar lengths correspond to the standard
deviation in the measured data.

TABLE III. Reported photon uxes for the full bandwidth of a single harmonic selected by a timepreserving grating
monochromator.

Reference
Photon

energy (eV)
Pulse

duration (fs)
Repetition rate

(kHz)
Flux

(photons/s)

Poletto et al.56 35.6 8 ± 1 1 1.3 × 109

Dakovski et al.84 20–36 N/A 10 1 × 109–1 × 1010

Igarashi et al.81 32.8 11 ±3 1 5.7 × 109

Niu et al.85 35.7 ∼100 1 1 × 109

von Conta et al.86 29.4 29 ± 2 1 9 × 108

This work 35–40 4.0 ± 0.2 100 2.8 ± 0.9 × 1010
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operational mode can be calculated by multiplying the efciencies
of the two conjoined monochromator stages.

Finally, the total output ux in broadband operation was mea
sured by an XUV photodiode inserted into the beam path after
the second monochromator stage (see Fig. 1). The photocurrent
measured on the PD output was converted to XUV pulse energy
using the calibration table from NIST. In this way, the broadband
XUV pulse energy was determined to be 76 ± 3 pJ per pulse, cor
responding to the XUV ux of 1.27 ± 0.05 × 1012 photons/s in a
spectral range between 22.9 and 63.8 eV. Figure 8(c) shows the
measured absolute photon ux of single harmonics selected in
the timedelay compensated mode of the monochromator. The
maximum photon ux obtained was 2.8 ± 0.9 × 1010 photons/s at
39.7 eV (33rd harmonic order), which, to the best of our knowl
edge, is the highest ux of a single harmonic reported at the output
of a double stage monochromator (Table III) and is comparable
to that from smallscale synchrotron facilities.81–83 Given a spot
size of 0.006 mm2, the repetition rate of 100 kHz, and the pulse
duration of 4.0 ± 0.2 fs, this photon ux translates to 3.0 ± 1.0× 10−8J/cm2 monochromatic XUV uence and 7.5 ± 2.5 × 106
W/cm2 XUV intensity per laser shot in the focal plane of the targe
t region.

IV. CONCLUSION AND OUTLOOK
We have presented the concept and rst results of a user

oriented beamline (HR GHHG Condensed) equipped with a time
preserving, asymmetric XUV monochromator at the ELI ALPS user
facility. The current driving laser is the HR1 laser system at ELI
ALPS. It is based on the techniques of ber chirpedpulse ampli
cation and multipass cell pulse compression, delivering pulses down
to 6 fs duration at a repetition rate of 100 kHz and with pulse ener
gies up to 1 mJ. In the near future, the beamline will be driven
by the HR2 laser system, which is able to provide 5 mJ pulses
(at the same 100 kHz repetition rate) with otherwise identical char
acteristics. This provides the possibility of substantially increasing
the XUV ux by adjusting the focusing geometry, the gas density,
and the medium length via the application of pulse energy scaling
concepts on the existing system.87–89 The vacuum system, the opti
cal components, and the gas cell were constructed to be capable of
accommodating the average laser output power of 0.5 kW.

We have also performed the detailed characterization of the
generated high harmonic radiation, which was shaped spatially,
temporally, and spectrally by a twostage timedelay compensat
ing XUV monochromator that was designed and implemented
in a novel asymmetric geometry. Characterization measurements
revealed highux, monochromatic XUV pulses down to 100 meV
spectral bandwidth that can be focused to aminimum 70 μmFWHM
spot size in the target region. In addition, we accomplished the
full (amplitude and phase) temporal characterization of monochro
matic XUV pulses, providing pulse durations down to 4.2 ± 0.2 fs.
Compensation of the pulse front tilt has also been evidenced by
measuring signicantly shorter pulse lengths in the doublegrating
conguration compared to the singlestage scenario.

For user experiments, the XUV beamline is directly
connected to an energyltering photoemission microscope
(NanoESCA) equipped with a wide range of measurement modes

predestined for momentum microscopy, ARPES of very localized
features, and imaging spectroscopy.90,91 The beamline will be
soon extended with a unique and versatile liquid jet apparatus to
perform either photoelectron spectroscopy or transient absorption
spectroscopy measurements. These pieces of equipment, together
with the present capability of the instrument to deliver highux,
monochromatic, tunable femtosecond XUV pulses close to their
transformlimited duration, pave the way to novel time and
angleresolved pump–probe photoemission experiments on liquid
or solid targets.
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J. Antonio PérezHernández, A. Picón, E. Pisanty, J. PrauznerBechcicki, K. Sacha,
N. Suárez, A. Zaïr, J. Zakrzewski, and M. Lewenstein, Rep. Prog. Phys. 82, 116001
(2019).
8F. Krausz and M. Ivanov, Rev. Mod. Phys. 81, 163 (2009).
9S. Chatziathanasiou, S. Kahaly, E. Skantzakis, G. Sansone, R. LopezMartens,
S. Haessler, K. Varju, G. Tsakiris, D. Charalambidis, and P. Tzallas, Photonics 4,
26 (2017).
10Z. Chang, OSA Continuum 2, 2131 (2019).
11M.C. Chen, P. Arpin, T. Popmintchev, M. Gerrity, B. Zhang, M. Seaberg,
D. Popmintchev, M.M.Murnane, and H. C. Kapteyn, Phys. Rev. Lett. 105, 173901
(2010).
12E. Seres, J. Seres, and C. Spielmann, Appl. Phys. Lett. 89, 181919 (2006).
13J. Gao, J. Wu, Z. Lou, F. Yang, J. Qian, Y. Peng, Y. Leng, Y. Zheng, Z. Zeng, and
R. Li, Optica 9, 1003 (2022).
14T. Gaumnitz, A. Jain, Y. Pertot, M. Huppert, I. Jordan, F. ArdanaLamas, and
H. J. Wörner, Opt. Express 25, 27506 (2017).
15S. Kühn, M. Dumergue, S. Kahaly, S. Mondal, M. Füle, T. Csizmadia, B. Farkas,
B. Major, Z. Várallyay, E. Cormier, M. Kalashnikov, F. Calegari, M. Devetta,
F. Frassetto, E. Månsson, L. Poletto, S. Stagira, C. Vozzi, M. Nisoli, P. Rudawski,
S. Maclot, F. Campi, H. Wikmark, C. L. Arnold, C. M. Heyl, P. Johnsson,
A. L’Huillier, R. LopezMartens, S. Haessler, M. Bocoum, F. Boehle, A. Vernier,
G. Iaquaniello, E. Skantzakis, N. Papadakis, C. Kalpouzos, P. Tzallas, F. Lépine,
D. Charalambidis, K. Varjú, K. Osvay, and G. Sansone, J. Phys. B: At., Mol. Opt.
Phys. 50, 132002 (2017).
16K. Ramasesha, S. R. Leone, and D. M. Neumark, Annu. Rev. Phys. Chem. 67, 41
(2016).
17T. Pfeifer, M. J. Abel, P. M. Nagel, A. Jullien, Z.H. Loh, M. Justine Bell,
D. M. Neumark, and S. R. Leone, Chem. Phys. Lett. 463, 11 (2008).
18R. Geneaux, H. J. B. Marroux, A. Guggenmos, D. M. Neumark, and S. R. Leone,
Philos. Trans. R. Soc., A 377, 20170463 (2019).
19D. F. Gardner, M. Tanksalvala, E. R. Shanblatt, X. Zhang, B. R. Galloway,
C. L. Porter, R. Karl, Jr., C. Bevis, D. E. Adams, H. C. Kapteyn, M. M. Murnane,
and G. F. Mancini, Nat. Photonics 11, 259 (2017).
20M. Tanksalvala, C. L. Porter, Y. Esashi, B. Wang, N. W. Jenkins, Z. Zhang,
G. P. Miley, J. L. Knobloch, B. McBennett, N. Horiguchi, S. Yazdi, J. Zhou,
M. N. Jacobs, C. S. Bevis, R. M. Karl, P. Johnsen, D. Ren, L. Waller, D. E. Adams,
S. L. Cousin, C.T. Liao, J. Miao, M. Gerrity, H. C. Kapteyn, and M. M. Murnane,
Sci. Adv. 7, eabd9667 (2021).
21N. J. Brooks, B. Wang, I. Binnie, M. Tanksalvala, Y. Esashi, J. L. Knobloch,
Q. L. D. Nguyen, B. McBennett, N. W. Jenkins, G. Gui, Z. Zhang, H. C. Kapteyn,
M. M. Murnane, and C. S. Bevis, Opt. Express 30, 30331 (2022).
22W. Eschen, L. Loetgering, V. Schuster, R. Klas, A. Kirsche, L. Berthold, M. Stein
ert, T. Pertsch, H. Gross, M. Krause, J. Limpert, and J. Rothhardt, Light: Sci. Appl.
11, 117 (2022).
23B. W. J. McNeil, J. A. Clarke, D. J. Dunning, G. J. Hirst, H. L. Owen,
N. R. Thompson, B. Sheehy, and P. H. Williams, New J. Phys. 9, 82 (2007).
24I. Orfanos, I. Makos, I. Liontos, E. Skantzakis, B. Major, A. Nayak, M. Dumer
gue, S. Kühn, S. Kahaly, K. Varju, G. Sansone, B. Witzel, C. Kalpouzos, L. A. A.

Nikolopoulos, P. Tzallas, and D. Charalambidis, J. Phys.: Photonics 2, 042003
(2020).
25I. Makos, I. Orfanos, A. Nayak, J. Peschel, B. Major, I. Liontos, E. Skantza
kis, N. Papadakis, C. Kalpouzos, M. Dumergue, S. Kühn, K. Varjú, P. Johnsson,
A. L’Huillier, P. Tzallas, and D. Charalambidis, Sci. Rep. 10, 3759 (2020).
26S. Mathias, L. MiajaAvila, M. M. Murnane, H. Kapteyn, M. Aeschlimann, and
M. Bauer, Rev. Sci. Instrum. 78, 083105 (2007).
27M. Puppin, Y. Deng, C. W. Nicholson, J. Feldl, N. B. M. Schröter, H. Vita,
P. S. Kirchmann, C. Monney, L. Rettig, M. Wolf, and R. Ernstorfer, Rev. Sci.
Instrum. 90, 023104 (2019).
28E. J. Sie, T. Rohwer, C. Lee, and N. Gedik, Nat. Commun. 10, 3535 (2019).
29C. Lee, T. Rohwer, E. J. Sie, A. Zong, E. Baldini, J. Straquadine, P. Walmsley,
D. Gardner, Y. S. Lee, I. R. Fisher, and N. Gedik, Rev. Sci. Instrum. 91, 043102
(2020).
30M. Keunecke, C. Möller, D. Schmitt, H. Nolte, G. S. M. Jansen, M. Reutzel,
M. Gutberlet, G. Halasi, D. Steil, S. Steil, and S. Mathias, Rev. Sci. Instrum. 91,
063905 (2020).
31J. C. Johannsen, S. Ulstrup, F. Cilento, A. Crepaldi, M. Zacchigna, C. Cacho,
I. C. E. Turcu, E. Springate, F. Fromm, C. Raidel, T. Seyller, F. Parmigiani, M.
Grioni, and P. Hofmann, Phys. Rev. Lett. 111, 027403 (2013).
32C. W. Nicholson, M. Puppin, A. Lücke, U. Gerstmann, M. Krenz,
W. G. Schmidt, L. Rettig, R. Ernstorfer, and M. Wolf, Phys. Rev. B 99, 155107
(2019).
33F. Schmitt, P. S. Kirchmann, U. Bovensiepen, R. G. Moore, J.H. Chu, D. H. Lu,
L. Rettig, M. Wolf, I. R. Fisher, and Z.X. Shen, New J. Phys. 13, 063022 (2011).
34C. Cacho, I. Turcu, C. Froud, W. Bryan, G. Nemeth, J. Petersen, N. Dean,
A. Cavalleri, S. Kaiser, A. Simoncig, H. Liu, A. Cavalieri, S. Dhesi, L. Poletto,
P. Villoresi, F. Frassetto, and E. Springate, in Research in Optical Sciences (Optical
Society of America, 2012), p. JT2A.43.
35S. Mathias, S. Eich, J. Urbancic, S. Michael, A. V. Carr, S. Emmerich, A. Stange,
T. Popmintchev, T. Rohwer, M. Wiesenmayer, A. Rufng, S. Jakobs, S. Hell
mann, P. Matyba, C. Chen, L. Kipp, M. Bauer, H. C. Kapteyn, H. C. Schneider,
K. Rossnagel, M. M. Murnane, and M. Aeschlimann, Nat. Commun. 7, 12902
(2016).
36D. Garratt, L. Misiekis, D. Wood, E. W. Larsen, M. Matthews, O. Alexander,
P. Ye, S. Jarosch, C. Ferchaud, C. Strüber, A. S. Johnson, A. A. Bakulin,
T. J. Penfold, and J. P. Marangos, Nat. Commun. 13, 3414 (2022).
37C. W. Nicholson, A. Lücke, W. G. Schmidt, M. Puppin, L. Rettig, R. Ernstorfer,
and M. Wolf, Science 362, 821 (2018).
38S.H. Lee, J. S. Goh, and D. Cho, Phys. Rev. Lett. 122, 106404 (2019).
39P. Ye, T. Csizmadia, L. G. Oldal, H. N. Gopalakrishna, M. Füle, Z. Filus,
B. Nagyillés, Z. Divéki, T. Grósz, M. Dumergue, P. Jójárt, I. Seres, Z. Bengery,
V. Zuba, Z. Várallyay, B. Major, F. Frassetto, M. Devetta, G. D. Lucarelli, M.
Lucchini, B. Moio, S. Stagira, C. Vozzi, L. Poletto, M. Nisoli, D. Charalambidis,
S. Kahaly, A. Zaïr, and K. Varjú, J. Phys. B: At., Mol. Opt. Phys. 53, 154004 (2020).
40P. Ye, L. Gulyás Oldal, T. Csizmadia, Z. Filus, T. Grósz, P. Jójárt, I. Seres,
Z. Bengery, B. Gilicze, S. Kahaly, K. Varjú, and B. Major, Ultrafast Sci. 2022,
9823783.
41D. Charalambidis, V. Chikán, E. Cormier, P. Dombi, J. A. Fülöp, C. Janáky,
S. Kahaly, M. Kalashnikov, C. Kamperidis, S. Kühn, F. Lepine, A. L’Huillier,
R. LopezMartens, S. Mondal, K. Osvay, L. Óvári, P. Rudawski, G. Sansone, P. Tza
llas, Z. Várallyay, and K. Varjú, in Progress in Ultrafast Intense Laser Science XIII,
Springer Series in Chemical Physics, edited by K. Yamanouch (Springer, Cham,
2017), pp. 181–218.
42S. Hädrich, E. Shestaev, M. Tschernajew, F. Stutzki, N. Walther, F. Just,
M. Kienel, I. Seres, P. Jójárt, Z. Bengery, B. Gilicze, Z. Várallyay, Á. Börzsönyi,
M. Müller, C. Grebing, A. Klenke, D. Hoff, G. G. Paulus, T. Eidam, and J. Limpert,
Opt. Lett. 47, 1537 (2022).
43L. Gulyás Oldal, T. Csizmadia, P. Ye, N. G. Harshitha, A. Zaïr, S. Kahaly,
K. Varjú, M. Füle, and B. Major, Phys. Rev. A 102, 013504 (2020).
44L. Gulyás Oldal, P. Ye, Z. Filus, T. Csizmadia, T. Grósz, M. De Marco,
Z. Bengery, I. Seres, B. Gilicze, P. Jójárt, K. Varjú, S. Kahaly, and B. Major, Phys.
Rev. Appl. 16, L011001 (2021).
45V. Schuster, V. Hilbert, R. Klas, C. Liu, M. Tschernajew, B. Bernhardt,
J. Rothhardt, and J. Limpert, Opt. Express 29, 22117 (2021).

APL Photon. 8, 056105 (2023); doi: 10.1063/5.0147576 8, 05610513

© Author(s) 2023

03
July

2023
15:28:27



APL Photonics ARTICLE scitation.org/journal/app

46Z. Filus, P. Ye, T. Csizmadia, T. Grósz, L. Gulyás Oldal, M. De Marco, M. Füle,
S. Kahaly, K. Varjú, and B. Major, Rev. Sci. Instrum. 93, 073002 (2022).
47C. Wiemann, M. Patt, I. P. Krug, N. B. Weber, M. Escher, M. Merkel, and
C. M. Schneider, eJ. Surf. Sci. Nanotechnol. 9, 395 (2011).
48A. Wonisch, U. Neuhäusler, N. M. Kabachnik, T. Uphues, M. Uiberacker,
V. Yakovlev, F. Krausz, M. Drescher, U. Kleineberg, and U. Heinzmann, Appl.
Opt. 45, 4147 (2006).
49M. Hofstetter, M. Schultze, M. Fieß, B. Dennhardt, A. Guggenmos, J. Gagnon,
V. S. Yakovlev, E. Goulielmakis, R. Kienberger, E. M. Gullikson, F. Krausz, and
U. Kleineberg, Opt. Express 19, 1767 (2011).
50L. Poletto and F. Frassetto, Appl. Sci. 8, 5 (2018).
51N. Fabris, P. Miotti, F. Frassetto, and L. Poletto, Appl. Sci. 9, 2502 (2019).
52L. Poletto and P. Villoresi, Appl. Opt. 45, 8577 (2006).
53L. Poletto, P. Miotti, F. Frassetto, C. Spezzani, C. Grazioli, M. Coreno, B. Ressel,
D. Gauthier, R. Ivanov, A. Ciavardini, M. de Simone, S. Stagira, and G. De Ninno,
Appl. Opt. 53, 5879 (2014).
54F. Frassetto, S. Bonora, C. Vozzi, S. Stagira, E. Zanchetta, G. Della Giustina,
G. Brusatin, and L. Poletto, Opt. Express 21, 12996 (2013).
55J. Hebling, Opt. Quantum Electron. 28, 1759 (1996).
56L. Poletto, P. Villoresi, F. Frassetto, F. Calegari, F. Ferrari, M. Lucchini,
G. Sansone, and M. Nisoli, Rev. Sci. Instrum. 80, 123109 (2009).
57M. Mero, F. Frassetto, P. Villoresi, L. Poletto, and K. Varjú, Opt. Express 19,
23420 (2011).
58M. Lucchini, G. D. Lucarelli, M. Murari, A. Trabattoni, N. Fabris, F. Frassetto,
S. De Silvestri, L. Poletto, and M. Nisoli, Opt. Express 26, 6771 (2018).
59L. Poletto, F. Frassetto, G. Brenner, M. Kuhlmann, and E. Plönjes,
J. Synchrotron Radiat. 25, 131 (2018).
60L. Quintard, V. Strelkov, J. Vabek, O. Hort, A. Dubrouil, D. Descamps, F. Burgy,
C. Péjot, E. Mével, F. Catoire, and E. Constant, Sci. Adv. 5, eaau7175 (2019).
61H. Wikmark, C. Guo, J. Vogelsang, P. W. Smorenburg, H. CoudertAlteirac,
J. Lahl, J. Peschel, P. Rudawski, H. Dacasa, S. Carlström, S. Maclot, M. B. Gaarde,
P. Johnsson, C. L. Arnold, and A. L’Huillier, Proc. Natl. Acad. Sci. U. S. A. 116,
4779 (2019).
62M. Hound, J. Peschel, M. Plach, H. Dacasa, K. Veyrinas, E. Constant,
P. Smorenburg, H. Wikmark, S. Maclot, C. Guo, C. Arnold, A. L’Huillier, and
P. EngJohnsson, Ultrafast Sci. 2021, 9797453.
63K. Veyrinas, J. Vábek, C. Valentin, D. Descamps, C. Péjot, F. Burgy, E. Constant,
E. Mével, and F. Catoire, Opt. Express 29, 29813 (2021).
64S. Hädrich, J. Rothhardt, M. Krebs, F. Tavella, A. Willner, J. Limpert, and
A. Tünnermann, Opt. Express 18, 20242 (2010).
65P. Tzallas, D. Charalambidis, N. A. Papadogiannis, K. Witte, and G. D. Tsakiris,
Nature 426, 267 (2003).
66M. Murari, G. D. Lucarelli, M. Lucchini, and M. Nisoli, Opt. Express 28, 10210
(2020).
67B. Moio, G. L. Dolso, G. Inzani, N. Di Palo, R. BorregoVarillas, M. Nisoli, and
M. Lucchini, J. Phys. B: At., Mol. Opt. Phys. 54, 154003 (2021).

68M. Kitzler, N. Milosevic, A. Scrinzi, F. Krausz, and T. Brabec, Phys. Rev. Lett.
88, 173904 (2002).
69V. S. Yakovlev, J. Gagnon, N. Karpowicz, and F. Krausz, Phys. Rev. Lett. 105,
073001 (2010).
70R. BorregoVarillas and M. Lucchini, Opt. Express 29, 9711 (2021).
71L. Gallmann, D. H. Sutter, N. Matuschek, G. Steinmeyer, and U. Keller, Appl.
Phys. B 70, S67 (2000).
72E. Treacy, IEEE J. Quantum Electron. 5, 454 (1969).
73D. Strickland and G. Mourou, Opt. Commun. 55, 447 (1985).
74F. Frassetto, P. Villoresi, and L. Poletto, Opt. Express 16, 6652 (2008).
75I. P. Christov, J. Zhou, J. Peatross, A. Rundquist, M. M. Murnane, and
H. C. Kapteyn, Phys. Rev. Lett. 77, 1743 (1996).
76M. Miranda, C. L. Arnold, T. Fordell, F. Silva, B. Alonso, R. Weigand,
A. L’Huillier, and H. Crespo, Opt. Express 20, 18732 (2012).
77Y. Mairesse and F. Quéré, Phys. Rev. A 71, 011401 (2005).
78M. Chini, S. Gilbertson, S. D. Khan, and Z. Chang, Opt. Express 18, 13006
(2010).
79D. Spangenberg, E. Rohwer, M. H. Brügmann, and T. Feurer, Opt. Lett. 40, 1002
(2015).
80M. Lucchini, M. H. Brügmann, A. Ludwig, L. Gallmann, U. Keller, and
T. Feurer, Opt. Express 23, 29502 (2015).
81H. Igarashi, A. Makida, M. Ito, and T. Sekikawa, Opt. Express 20, 3725 (2012).
82J.G. Hwang, G. Schiwietz, M. AboBakr, T. Atkinson, M. Ries, P. Goslawski,
G. Klemz, R. Müller, A. Schälicke, and A. Jankowiak, Sci. Rep. 10, 10093 (2020).
83K. Chernenko, A. Kivimäki, R. Pärna, W. Wang, R. Sankari, M. Leandersson,
H. Tarawneh, V. Pankratov, M. Kook, E. Kukk, L. Reisberg, S. Urpelainen,
T. Käämbre, F. Siewert, G. Gwalt, A. Sokolov, S. Lemke, S. Alimov, J. Knedel,
O. Kutz, T. Seliger, M. Valden, M. Hirsimäki, M. Kirm, and M. Huttula,
J. Synchrotron Radiat. 28, 1620 (2021).
84G. L. Dakovski, Y. Li, T. Durakiewicz, and G. Rodriguez, Rev. Sci. Instrum. 81,
073108 (2010).
85Y. Niu, H. Liang, Y. Liu, F. Liu, R. Ma, and D. Ding, Chin. Phys. B 26, 074222
(2017).
86A. von Conta, M. Huppert, and H. J. Wörner, Rev. Sci. Instrum. 87, 073102
(2016).
87C. M. Heyl, C. L. Arnold, A. Couairon, and A. L’Huillier, J. Phys. B: At., Mol.
Opt. Phys. 50, 013001 (2016).
88C. M. Heyl, H. CoudertAlteirac, M. Miranda, M. Louisy, K. Kovacs, V. Tosa,
E. Balogh, K. Varjú, A. L’Huillier, A. Couairon, and C. L. Arnold, Optica 3, 75
(2016).
89R. Weissenbilder, S. Carlström, L. Rego, C. Guo, C. M. Heyl, P. Smorenburg,
E. Constant, C. L. Arnold, and A. L’Huillier, Nat. Rev. Phys. 4, 713
(2022).
90M. Escher, N. Weber, M. Merkel, C. Ziethen, P. Bernhard, G. Schönhense,
S. Schmidt, F. Forster, F. Reinert, B. Krömker, and D. Funnemann, J. Phys.:
Condens. Matter 17, S1329 (2005).
91D. Vasilyev and J. Kirschner, Rev. Sci. Instrum. 87, 083902 (2016).

APL Photon. 8, 056105 (2023); doi: 10.1063/5.0147576 8, 05610514

© Author(s) 2023

03
July

2023
15:28:27


