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Abstract

for the generation of IAPs.

Isolated attosecond pulse (IAP) generation usually involves the use of short-medium gas cells operated at high
pressures. In contrast, long-medium schemes at low pressures are commonly perceived as inherently unsuitable for
IAP generation due to the nonlinear phenomena that challenge favourable phase-matching conditions. Here we
provide clear experimental evidence on the generation of isolated extreme-ultraviolet attosecond pulses in a semi-
infinite gas cell, demonstrating the use of extended-medium geometries for effective production of IAPs. To gain a
deeper understanding we develop a simulation method for high-order harmonic generation (HHG), which combines
nonlinear propagation with macroscopic HHG solving the 3D time-dependent Schrédinger equation at the single-
atom level. Our simulations reveal that the nonlinear spatio-temporal reshaping of the driving field, observed in the
experiment as a bright plasma channel, acts as a self-requlating mechanism boosting the phase-matching conditions

Introduction

Since its initial demonstration', the generation and
manipulation of isolated attosecond pulses (IAPs) have
provided groundbreaking tools for tracking electronic
motion in atoms, molecules, and solids>. As a result,
several fundamental processes, such as photoionization
time delays®, charge migration®, electronic decoherences®,
or carrier motion in solids®, have been observed and
measured with unparalleled time resolution, opening new
and exciting fields of research.

In conventional high-order harmonics generation
(HHG) table-top setups, an intense (~10**-10"° W.cm?)
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femtosecond driving laser field, centred in the near-
infrared (IR) spectral region, is focused on a noble gas
target. When macroscopic phase matching in the gas is
ensured, the highly non-linear response of the medium
leads to the coherent production of extreme-ultraviolet
(XUV) radiation”®. The natural form of this radiation is a
train of attosecond pulses separated by half an optical
cycle of the driving field’. The isolation of a single atto-
second pulse from this train relies either on the use of
extremely short driving pulses'® or on specific techniques,
known as gating techniquesu, For instance, polarization
gating'>"? relies on a time-dependent polarization shap-
ing of the driving radiation. Colour gating'®, instead,
introduces a second colour to break the electric field
symmetry. A combined scheme that integrates both
polarization and colour gating, the double optical gating
approach'®, can also be followed. Another widespread
technique is ionization gating'®'’, which utilizes a time-
gated window for HHG phase matching'®.
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HHG efficiency is largely affected by the phase-
matching of the harmonic radiation from all emitters in
the generating medium'®~>'. Recent theoretical efforts®,
later confirmed experimentally for trains of attosecond
pulses®®, have demonstrated two equivalent regimes of
harmonic phase matching for efficient HHG, namely
high-pressure in short-medium, with length L smaller
than the laser Rayleigh range, zp (L << zz), and low gas
pressure in long medium with L ~zg. It is important to
note that the term “long medium” refers to the ratio of
the medium length with respect to the Rayleigh length
and it is not necessarily related to extended geometries
(i.e., an HHG scheme for which the focusing length is
typically >1 m and the energy of the driving pulse is
greater than a few m]). This latter scheme is prevailing in
high-flux setups, such as the beamlines at NEXUS,
SYLOS GHHG long beamline in ELI-ALPS*, Lund*® and
MBI**, Currently, most laboratories utilize short-medium
gas cells operated at high gas pressures for IAP genera-
tion. However, when scaling up the driving pulse energy
becomes necessary, a long-medium scheme is generally
more feasible than a short-medium one®®. At the same
time, long medium schemes operating at low pressure
can lead to similar, if not higher, conversion efficiencies
than static cells and pulsed valves® and generally provide
better spatiotemporal properties of the generated XUV
radiation®>**, Moreover, prior research”® has emphasized
the beneficial impact of terminating any generation
process with a sharp pressure gradient. This approach
generally promotes phase matching and restricts re-
absorption, enhancing HHG efficiency. Despite these
potential advantages, the possibility of generating IAPs in
a long medium, such as semi-infinite gas cells
(SIGCs)*’~, has not been fully established yet. On the
contrary, due to the nonlinear phenomena that take place
in a long medium and challenge favourable phase-
matching conditions, these sources are commonly per-
ceived to be inherently unsuited for IAP generation.
Additionally, to model this regime, more advanced
simulation tools are needed to support the interpretation
of experimental results. These tools should be capable of
simultaneously addressing the intricate nonlinear spa-
tiotemporal dynamics of the driving radiation as it tra-
verses the gas medium and the subsequent generation,
propagation, and phase matching of harmonics. Conse-
quently, due to the intrinsic complexity of modelling
these processes, the mechanisms that could lead to IAPs
generation in extended gas media have not been thor-
oughly investigated.

In this work, we present clear experimental evidence of
efficient generation of IAPs in a SIGC geometry, unveiling
the phase-matching mechanism in this regime (i.e., L » z
and peak powers well below the critical power for fila-
mentation). Our theoretical simulations show that the
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nonlinear spatiotemporal reshaping of the driving field in
the SIGC acts as a self-regulating mechanism boosting the
IAP generation, thanks to favourable phase-matching
conditions. By reporting their adoption in an attosecond
streaking measurement we not only demonstrate their
suitability for real attosecond pump-probe experiments
but also provide a reliable temporal characterization,
revealing a duration of 180 as in the 20-45 eV spectral
region. To understand the relevant role of harmonic
phase-matching, we develop a novel 3D simulation
method for macroscopic HHG, which combines nonlinear
spatiotemporal reshaping of an intense driving few-cycle
pulse with the solution of the three dimensional time-
dependent Schrodinger equation (3D-TDSE) to account
for the quantum dynamics of microscopic HHG. This
approach allows us to unravel the role of the spatio-
temporal nonlinear reshaping of the driving field as it
propagates through the SIGC, as well as to identify a
pressure-dependent phase-matching window that enables
efficient generation of IAPs.

Results

The SIGC consists of three main regions®’, as shown in
Fig. la. In the first region, the IR pulse interacts with a
noble gas (Argon) and generates high-order harmonics in
the XUV (20-45eV). In this section, the pressure is
homogeneously distributed and can be tuned within a
range of up to 10 mbar. The gas region extends into the
second chamber, through a mechanically adjustable
element that allows for tuning the length of the gas-filled
region from 370 mm to 400 mm. As shown in Fig. 1b,
following this component, a plate with a drilled hole of
200 ym diameter and 7 mm length connects the first
chamber to the second one, where a roughing pump sta-
bilizes the pressure at 0.01 mbar. In our geometry, the
SIGC length is set at 380 mm and the IR focus lies 5 mm
before the exit hole. A second plate with a 500 ym diameter
hole separates the second chamber from the last one, where
the pressure is kept at 10 ® mbar using a turbo pump with
an effective speed of 801s~'. At increasing values of pres-
sure in the first chamber, we observed the gradual devel-
opment of a bright plasma channel extending over a few
centimetres. Consequently, as depicted in Fig. 1c, we con-
ducted a comprehensive characterization of the IR spec-
trum after generation at different operating pressures using
a standard spectrometer (AvaSpecULS4096).

As presented in Fig. 2a, we have measured the evolution
of the HHG spectra upon varying the gas pressure in the
SIGC. For each value of the pressure, the CEP of the driving
IR pulses was optimized for the generation of continuous
XUV spectra at high photon energy (above =~ 35 eV). The
results indicate that the high-order harmonics are phase-
matched within a narrow pressure range between 3 and
7 mbar. Notably, we have observed that the recorded
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Fig. 1 Experimental setup. a Scheme of the SIGC: the IR driving field, characterized by a streaking measurement, focuses after 375 mm, 5 mm before
the cell-exit channel (at 380 mm). The first region (1) is filled with Argon gas (constant pressure tuneable from <1 mbar up to 10 mbar). A second
chamber (2), which is maintained at 0.01 mbar vacuum using a roughing pump, separates (1) from a high vacuum region (3) (10~° mbar) achieved by
a turbo-pump, allowing easy interfacing of the SIGC with the rest of the beamline. Output XUV pulses with a duration of 180 as are characterized by a
streaking measurement. b Detail of the region around chamber (1) and (2). A 7 mm channel connects the first chamber with the intermediate one (2).
In the region around the geometrical focus z = 375 mm, as highlighted in the figure, a bright plasma channel appears for pressure >2 mbar. ¢ Spectra
of the IR driving field measured at the output of the SICG for various pressure configurations, as indicated in the legend
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Fig. 2 Spectral and temporal characterization of IAP generated in a SIGC. a Evolution of the spectrum of the XUV pulses as a function of the gas
pressure. Around 5.5 mbar the spectrum becomes more continuous. b Spectra for two values of pressures in (a), 4.2 mbar (green curve) and 5.8 mbar
(purple curve), respectively. ¢ Experimental streaking trace in the case of 5.8 mbar. d Reconstructed streaking spectrogram with the ePIE algorithm.
e Reconstructed XUV intensity profile, showing a clean IAP with a duration of 180 as. In the insert, <1% IAP satellites are shown; these structures are
compatible with the modulation observed in both the trace reported in () and the violet XUV spectrum in (b)
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Fig. 3 Simulated XUV pulses as a function of the gas pressure. a Simulation results of the XUV spectrum as a function of the gas pressure. b On-axis
IAP obtained at pressure values of 2 mbar (blue), 6 mbar (green), 10 mbar (orange), and 14 mbar (dark red) after performing the Fourier transform of a sub-
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harmonic spectrum remains relatively stable against slight
variations in the 200 ym exit pinhole longitudinal position
(5 mm from the reported configuration).

As the pressure is increased, a transition of the XUV
spectrum from modulated (green curve in Fig. 2b, at
4.2 mbar) to a quasi-continuum (violet curve in Fig. 2b, at
5.8 mbar) can be observed. In addition, the latter is
accompanied by a noticeable reduction of the lower-order
harmonics, as well as by an enhancement of the higher-
order ones, close to the cutoff frequency. This continuum
spectrum is sensitive to CEP variations (see Supplementary
Material), differently from what has been observed for short
media at similar intensities of the driving field"*". Impor-
tantly, this shift from discrete to a quasi-continuum spec-
trum when increasing the pressure occurs without
observing significant change in the overall harmonic flux.
The conversion efficiency is estimated to be ~10~°, higher
than what reported for the polarization gating techni-
que'" and similar to what was obtained with the ioniza-
tion gating'® in a 3 mm static cell using the same beamline.
This aspect presents a distinct advantage compared to other
gating methods (e.g. polarization gating) where a con-
tinuum spectrum is achieved at the expense of XUV flux.

We have then measured the temporal characteristics of
the XUV pulses generated at 5.8 mbar, using the
Frequency-Resolved Optical Gating for Complete
Reconstruction of Attosecond Bursts (FROG CRAB), or
simply streaking technique®. A portion of the residual
IR radiation, not involved in the generation process, is
delayed relative to the XUV pulse, and focused
(Lpeak = 5 x 10?2 W.cm 2 in the TOF spectrometer
where an Argon target is present. The resulting inter-
action leads to a streaking spectrogram, as demonstrated
in Fig. 2c. To confirm the presence of an IAP, we per-
formed a numerical reconstruction of the trace using the
extended ptychographic iterative engine (ePIE)**. The
reconstructed trace, illustrated in Fig. 2d, allowed us to
retrieve both the IR field and the XUV pulse intensity. As
shown in Fig. 2e, the ~6 mbar configuration indeed

supports an IAP with an intensity full-width at half
maximum (FWHM) duration of 180 as. Furthermore, we
can observe the presence of < 1% satellites (in intensity)
of the IAP. These features are responsible for the residual
modulations observed in both the photoelectron and
XUV spectra. However, for most spectroscopic applica-
tions requiring IAPs, these temporal structures can be
considered irrelevant. To gain a deeper insight into
the physical mechanism behind the IAP generation in
the SIGC, we have developed a novel theoretical
approach that combines nonlinear IR propagation with
macroscopic HHG, as described in the Methods section.

In Fig. 3, we show the simulation results for the genera-
tion of IAPs in the SIGC. The propagated IR electric field in
the cell is used as an input for macroscopic HHG calcula-
tions through 3D-TDSE and propagation of the harmonics.
This allows us to compute the spatially averaged HHG
emission spectrum at the far field detector by integrating
along the azimuthal coordinate and the divergence angle up
to 1.5 mrad, where most of the XUV radiation is emitted.
The radiation was also propagated through a 150 nm thick
Al filter (including both material absorption and disper-
sion), and a response function was assumed for the XUV
camera to mimic the experimental measurements (high-
pass filter from =23 eV). As depicted in Fig. 3a, the com-
puted harmonic spectra align with the trends found in the
experiment, despite a slight deviation between the experi-
mental and theoretical pressure range of phase matching
and the cleanness of the IAP. As the pressure is increased,
the HHG spectrum is shifted towards higher energies, and
becomes less modulated, thus favouring the generation of
IAPs. This becomes evident also when comparing the time
evolution of the radiation on axis in Fig. 3b. As we increase
the pressure, the temporal profile of the XUV radiation
becomes less modulated, with the cleanest temporal struc-
ture achieved at 6 mbar. Furthermore, the simulation is in
general agreement with the experimental trend, which
demonstrates a gradual decrease in generation efficiency as
the pressure increases.
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Fig. 4 IR nonlinear propagation. a IR spectra and (b) corresponding on-axis electric field obtained at the SIGC output with the nonlinear
propagation code (utilizing the experimental parameters as input) as a function of the gas pressure in the first chamber. c—f Simulated nonlinear
reshaping of the driving field as it propagates along the z-direction in the final portion of the cell around the geometrical focus: (c) on-axis peak
intensity, (d) beam radius, (e) on-axis ionized electron density and (f) pulse energy during propagation under different pressure conditions
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As illustrated experimentally and theoretically in
Figs. 2 and 3, two crucial features in our HHG spectrum
support the generation of an IAP: the formation of a
continuous cut-off and the re-absorption of low-order
harmonic components. In the following, we aim to
address the origin of these features.

Discussion

In order to understand the physics behind the IAP
mechanism, we investigate the effects of the nonlinear
propagation of the driving pulse. Several works in litera-
ture have reported that nonlinear effects can lead to the
generation of an IAP. In ref.** Steingrube and co-workers
investigated the formation of continuous XUV spectra
emerging from a filament by employing a loose focusing
geometry  (L/zg~14.2) at moderate intensities
(Ip=8x10" W.cm™? in vacuum) and high pressures
(1bar)®**. A theoretical work by Gaarde and Schafer®!
(related to the experiments presented in') and the
experiments by Haworth and co-workers® discussed
instead nonlinear propagation in short media (L/zz < 0.15)

at moderate pressures (few hundreds of mbar) and high
intensities (between 6 and 9 x 10"* W.cm2), showing that
defocusing of the driving field leads to on-axis IAP gen-
eration. All these studies have thus addressed the effect of
nonlinearities in IAP generation either in long media
(L»zg) at peak powers above the critical power for self-
focusing34 (P.) or short media (L < zg) at low peak pow-
ers"1®173% (P « P,). Here we deal with a different scenario:
long medium geometries (L/zz ~15.1) at low pressures (6
mbar) and high intensities (/p=1.2x 10" W.cm™2 in
vacuum), exploring therefore long media (L » zp) at peak
powers well below the threshold for self-focusing.

To validate our numerical methodology, we start by
examining the experimental IR spectra measured at the
output of the SIGC when driven at varying pressures. As
shown in Fig. 1c, the experimental data reveals a distinct
ionization-induced self-phase modulation effect, which
manifests as a clear blue shift of the spectrum. This
process has been noted in recent works to enhance gen-
eration efficiency®®’. Figure 4a shows the simulated IR
spectra after nonlinear propagation in the SIGC for
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different Ar pressures, accurately reproducing the
experimental blue shift (Fig. 1c). Figure 4b depicts the
corresponding reshaping of the IR driving pulse at the
output of the SIGC.

With this empirical validation, we proceed to numeri-
cally monitor the nonlinear modification of the driving
field as it propagates along the z-direction in the cell. This
allows for a deeper understanding of the spatiotemporal
reshaping of the IR driving radiation along the cell for
different pressures. To this end, we analyse the evolution
of the on-axis peak intensity (Fig. 4c), the beam radius
(Fig. 4d), the ionized population (Fig. 4e), and the pulse
energy (Fig. 4f) under different pressure conditions.
Noticeably, as the gas pressure within the SIGC increases,
we note a progressive beam size stagnation (Fig. 4d) and a
reduction in the pulse energy (Fig. 4f), attributed,
respectively, to plasma defocusing and losses due to
ionization and plasma absorption. These phenomena
collectively lead to an overall reduction in the peak
intensity (Fig. 4c) of the driving field, as compared to
linear propagation in vacuum. The observed reduction in
peak intensity due to plasma defocusing and absorption
appears to act as a self-regulating mechanism, which has
been recently shown to contribute to efficient harmonic
generation®**, We should note that the measured HHG
cutoff energy corresponding to the decreased intensity is
in good agreement with the classical cutoff law, deviating
from the much higher value that would be expected from
the peak intensity of the beam focused in vacuum. This
regulating mechanism also leads to a region of space
where the driving field intensity and phase remain nearly
constant along the propagation direction in the final part
of the SIGC, which is the most relevant one for HHG as it
is less affected by harmonic reabsorption. This peculiar
condition, mostly induced by plasma de-focusing and
pulse reshaping, can be observed experimentally as an
extended channel of plasma.

In addition, the self-regulating mechanism plays a key
role in harmonic phase-matching. Despite the long gen-
eration medium, nonlinear propagation of the driving
pulse reduces the influence of intensity and phase varia-
tions to the harmonic phase mismatch, thus geometric
and intrinsic contributions can be neglected. Therefore, in
our SIGC geometry, the phase mismatch, Ak, is mainly
due to free electrons and neutral atoms near the laser
focus, a situation that resembles that encountered in
capillaries®”*°, or in the high-pressure and short-medium
regime”>”°. Since these two contributions to Ak, have
opposite signs and vary with the degree of ionization
along the driving pulse, perfect phase matching (Ak, = 0)
is only achieved during a finite temporal window*>*'. If
this window is reduced to a single laser half-cycle, a single
attosecond pulse can be isolated and, consequently, the
XUV spectrum manifests continuous features. Under
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these circumstances, the phase mismatch of the g-th-
order harmonic along the propagation direction (z) can be
approximated by ref.'*:

AkCI(z7t) ~ Pq{(l - ”(Zr t)) '57111 : (%) - H(Z,t) 'Natm e /‘rL}
(1)

where P is the gas pressure, 7(zt) is the instantaneous
ionization fraction, dn, =n(A;) —n(A,) ~n(A;) — 1 is the
difference between the index of refraction at the
fundamental and harmonic wavelengths at a pressure of
1 atm, Ny, is the total number density of atoms at 1 atm,
r. represents the classical electron radius, and A; is the
central wavelength of the driving laser (here assumed
Az =700 nm, which is roughly the center of the spectra
shown in Fig. 4a).

Finally, the width At of the temporal phase-matching
window can then be estimated from the inverse of the
time derivative of the phase mismatch 1/At « (dAk,/0t)-L,
where L is the medium length®®. Note that, under these
assumptions, the nonlinear propagation of the driving
pulse modifies the role of pressure in harmonic phase-
matching. Indeed, while the perfect phase-matching
condition (Ak,=0, see Eq. (1)) does not depend on
pressure, the temporal phase matching window, instead, is
inversely proportional to it, At x 1/P. Therefore, as the
pressure increases, the temporal-phase matching window
narrows. Note that the increase in harmonic efficiency
with pressure is not only limited by the temporal phase-
matching window, but also by reabsorption**.

To illustrate the role of the phase-matching window in
the SIGC configuration, in Fig. 5 we show the analytical
estimation of its time derivative for the harmonic of order
q=25 (=44eV) at the cell output, for the different
pressures used in this work. For simplicity, we have just
considered the on-axis temporal dependence of the ioni-
zation rate #(z¢t) obtained from the 3D nonlinear propa-
gation simulations. This model confirms that the
temporal phase matching window shrinks as the gas
pressure increases, perfectly aligning with the formation
of a continuous cut-off and the isolation of an IAP. For
high pressures (>6 mbar) the phase-matching window
continues to narrow, eventually becoming too short to
allow for the HHG recombination step to occur within the
phase-matched interval. This results in a drastic decrease
in the XUV signal at higher pressures, as shown in Fig. 2a.

An equally important insight from the numerical ana-
lysis concerns the actual phase-matching length within
the SIGC geometry. Figure 5b demonstrates that efficient
HHG occurs predominantly in the last 3 cm of the cell
(350 mm < z < 380 mm), roughly corresponding to the
driving field Rayleigh range in vacuum. Nonetheless, as
shown in Fig. 4d, the nonlinear spatial reshaping leads to a
progressive increase in the effective Rayleigh range within
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(z=380mm). b 2D-representation of the phase mismatch time-derivative for harmonic 25th at 6 mbar as a function of the propagation axis,
showing that the isolation of an attosecond pulse takes place in the last 30 mm

the medium, reaching up to 10 cm at high gas pressures.
As a result, by varying the pressure in our SIGC geometry,
we can investigate different ratios between the Rayleigh
range and the length of the generating medium. This
approach enables the exploration of various phase-
matching regimes as outlined in ref.**, Moreover, we
note that the shortest phase-matching window (phase
matching peak) occurs at z =368 mm ~13 mm before the
cell output (8 mm before the geometrical laser focus), in
excellent agreement with earlier reports on optimal phase
matching in SIGC geometries.

IAP generation is further enhanced by the reabsorption
of low-order harmonics (see Figs. 2 and 3) favoured by the
7 mm channel connecting the region at a few-mbar pres-
sure to the evacuated region at 10~ mbar in our SIGC. A
COMSOL simulation of the gas distribution (see Supple-
mentary Information) revealed a linear pressure gradient
developing within the channel with concomitant re-
absorption of lower-order harmonics (under 35eV) as
the pressure is increased; conversely, the higher energy
spectrum is mostly unaffected due to the Argon cross-
section. As a result, the contrast of the IAP is significantly
enhanced, effectively functioning as a high-pass spectral
filter. It is important to note that in short gas cells oper-
ating at high pressures, sharp gradients are instead sug-
gested as the optimal configuration to avoid significant re-
absorption effects and poor phase matching®. This
imposes a sub-optimal compromise between sharp gra-
dient and high-pass filtering for geometries based on short
cells (see Supplementary Information).

In conclusion, we demonstrated, both experimentally
and theoretically, the feasibility of a SIGC to efficiently
generate isolated attosecond pulses in the extreme ultra-
violet spectral window. We proved that nonlinear pro-
pagation effects of the driving field have a key role in
achieving favourable phase-matching conditions. We
showed how IAPs can be obtained by only increasing the
generation pressure, keeping at the same time a good level
of flux. This is attributed to an interplay between an

efficient time-gated phase matching and a controlled
reabsorption of low-order harmonics.

In order to identify the physics beyond the efficient IAP
generation in a SIGC configuration, we have introduced
and tested a novel simulation method that combines, for
the first time to the best of our knowledge, the nonlinear
spatiotemporal reshaping of an intense few-cycle driving
field due to propagation through the generation medium
with macroscopic HHG comprising full-quantum
3D-TDSE calculations and propagation of the harmo-
nics to a far-field detector. Our simulations and models
emphasize that the progressive stagnation of beam size,
induced by the spatiotemporal reshaping of the driving
field and by plasma defocusing, seen in the experiment as
a bright plasma channel, causes the phase-matching in
our SIGC geometry to resemble the one encountered in
capillaries or in short medium. Consequently, with
increasing pressures, the phase matching for isolated
attosecond pulses exhibits a straightforward pattern. Due
to the balancing of phase mismatch between free elec-
trons and neutral atoms, as the gas pressure increases, the
temporal window for phase-matching becomes narrower,
thereby enabling the efficient creation of IAPs.

Unlike standard gas cell geometries or capillaries, where
scaling up the energy implies modification of the cell
length or capillary size*!, any construction limits do not
constrain the coherence length of generation in a SIGC.
Consequently, when changing the laser pulse parameters
together with the focusing optics, the SIGC region of
phase-matching will automatically adapt, requiring only
fine adjustment on the gas pressure. This might make the
SIGC a very versatile option when scaling up the driving
pulse energy, an important issue in view of the growth of
high-flux, long geometries beamlines®>**, These facts, in
addition to its intrinsic simplicity and pressure/generation
position tunability, makes the SIGC an attractive candi-
date for expanding the practical usability of IAP tech-
nology in various research fields, e.g., XUV-XUV pump-
probe or NIR/VIS/UV pump-XUV probe experiments.
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Materials and methods
Experimental setup

Our experimental setup uses a 25fs, 800 nm, 1kHz,
CEP-stabilized (<300 mrad) Ti:Sa laser system (Legend
DUO HE +, Coherent). These pulses are focused into a
3 m-long stretchable hollow core fiber with a 450 ym
inner diameter (Polymicro TSP450670), which is filled
with 1.8 bar of helium in a differential gradient config-
uration. At the output of the fiber, the spectrally broa-
dened IR pulse undergoes post-compression using
chirped mirrors (Ultrafast Innovations PC1332), resulting
in a sub-4-fs pulse with an energy of 2 mJ.

The laser is then directed into a delay-stabilized inter-
ferometer designed for pump-probe experiments, and
after a 80/20 beamsplitter and several reflections, 420 yJ
of pulse energy are focused (f=75cm) for HHG in the
SIGC apparatus. We characterize the IR driving pulse for
HHG both in the temporal and spatial domain. The for-
mer is performed is by employing the D-scan technique®’,
revealing a temporal duration of 4 fs. The spatial char-
acterization is done by measuring in air the caustic of a
small portion of the beam after the focusing element,
obtaining a beam waist wy =77 ym and a Rayleigh length
zr=2.5cm.

The generated XUV radiation passes through a 150 nm
Al filter to remove the remaining portion of the driving IR
field and filter out the harmonics below 20 eV. The XUV
radiation is then first focused by a gold toroidal mirror
into a time-of-flight spectrometer (TOF, Kaesdorf
ETF15), and recombined with sub-4-fs IR pulses to per-
form streaking (FROG-CRAB) measurements*>. The
pump-probe delay is actively stabilized with an rms below
50 mrad. The XUV radiation is collected by a gold-coated
grating (Hitachi 600 lines/mm), where it is spectrally
dispersed and directed towards a microchannel plate
(MCP) for measuring the radiation spectrum using a
phosphor screen and a camera.

Theoretical simulations

The complete theoretical description of HHG requires
to couple the propagation of the driving field with the
generation of the high-order harmonics at the single-atom
level and their subsequent propagation. However, such
calculation is tremendously expensive computationally.
First, at the microscopic level, the exact laser-driven
dynamics of the quantum electronic wavepacket in the
HHG process is described by the 3D-TDSE. The full 3D-
TDSE calculation could include the dynamics of all
electrons in the atom but, as the main physics of HHG is
accurately described by the electron occupying the out-
ermost valence orbital, we work under the commonly
used single-active electron approximation. Second, at the
macroscopic level, the emission from all atoms in the gas
cell—typically trillions—must be considered to account
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for harmonic phase-matching, together with the propa-
gation of the driving field. Several methods have been
successfully developed to account for macroscopic HHG,
using the 3D-TDSE******~*| the strong field approx-
imation*®*”, which cannot be used when dealing with
few-cycle drivers*®, or even artificial intelligence®.
Although separate simulations of nonlinear propagation
of the driving field and HHG have already been per-
formed, for example, to successfully account for soft X-ray
generation in a waveguide through HHG™, to the best of
our knowledge there is no previous method that couples
nonlinear few-cycle IR propagation with macroscopic
HHG that makes use of the 3D-TDSE at the single-
atom level.

In our simulations we employ the 3D-TDSE in Argon
under the single-active electron approximation. The
resulting harmonics are then propagated to a far-field
detector through the electromagnetic field propagator, and
phase-matching is considered by coherently adding the
elementary contributions along the gas cell, following
the method described in ref.*’. For each emitter location,
the associated IR driving field was computed with a 3D
nonlinear pulse propagation code®, which takes the
experimental parameters as an input and solves the IR
propagation in the complete SIGC volume. These propa-
gation simulations for the IR driver included the complete
dispersion of the gas, the Kerr effect, self-steepening and
shock terms, and photoionization and plasma absorption.
To further strengthen our investigation, we used a realistic
gas profile distribution, calculated using computational fluid
dynamics tools (COMSOL). This gas profile was included in
the propagation of the harmonic radiation through the
200 ym-diameter and 7-mm-long channel connecting the
first two chambers of the SIGC (here, further generation
was neglected), while the gas pressure in the HHG gen-
eration volume was assumed to be constant.

In order to realistically simulate the nonlinear propa-
gation in the SIGC and the HHG process, the results of
the experimental temporal and spatial characterizations
(4 fs pulses, beam waist wy =77 yum and Rayleigh length
zr=2.5cm) were used as the input for the nonlinear
propagation simulations.

Author details

'Department of Physics, Politecnico di Milano, Piazza Leonardo da Vinci 32,
20133 Milano, Italy. 2IFN-CNR, Piazza Leonardo da Vinci 32, 20133 Milano, Italy.
3Grupo de Investigacion en Aplicaciones del Laser y Fotdnica, Departamento
de Fisica Aplicada, Universidad de Salamanca, E-37008 Salamanca, Spain.
“Unidad de Excelencia en Luz y Materia Estructuradas (LUMES), Universidad de
Salamanca, Salamanca, Spain. “Laboratorium fiir Physikalische Chemie, ETH
ZUrich, 8093 Zurich, Switzerland. 6Departmem of Physics, Lund University,
Lund, Sweden

Funding

This project has received funding from the European Union’s Horizon 2020
research and innovation programme (grant agreement No 871161, IMPULSE)
and European Research Council (ERC): ERC Synergy grant agreement no.



Vismarra et al. Light: Science & Applications (2024)13:197

951224, TOMATTO; ERC StG grant no. 851201, ATTOSTRUCTURA and ERC StG
grant no. 848411, AUDACE. We also thank financial support from Fondazione
Cariplo (grant n. 2020-4380, DINAMO), Ministero dell'Universita edella Ricerca
(202239HFZN) and Ministerio de Ciencia e Innovacién (MCIN/AEI/ 10.13 039/
501100011033, | + D + i PID2022-142340NB-100). M.F.G. acknowledges support
from Ministerio de Universidades under grant FPU21/02916.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon reasonable request.

Conflict of interest
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https.//doi.org/10.1038/541377-024-01564-5.

Received: 14 March 2024 Revised: 31 July 2024 Accepted: 4 August 2024
Published online: 20 August 2024

References

1. Hentschel, M. et al. Attosecond metrology. Nature 414, 509-513 (2001).

2. Borrego-Varillas, R, Lucchini, M. & Nisoli, M. Attosecond spectroscopy for the
investigation of ultrafast dynamics in atomic, molecular and solid-state phy-
sics. Rep. Prog. Phys. 85, 066401 (2022).

3. Schultze, M. et al. Delay in photoemission. Science 328, 1658-1662 (2010).

4. Calegari, F. et al. Ultrafast electron dynamics in phenylalanine initiated by
attosecond pulses. Science 346, 336-339 (2014).

5. Matselyukh, D. T. et al. Decoherence and revival in attosecond charge
migration driven by non-adiabatic dynamics. Nat. Phys. 18, 1206-1213 (2022).

6. Lucchini, M. et al. Attosecond dynamical Franz-Keldysh effect in polycrystalline
diamond. Science 353, 916-919 (2016).

7. McPherson, A. et al. Studies of multiphoton production of vacuum-ultraviolet
radiation in the rare gases. J. Opt. Soc. Am. B 4, 595-601 (1987).

8. Li, X. F. et al. Multiple-harmonic generation in rare gases at high laser intensity.
Phys. Rev. A 39, 5751-5761 (1989).

9. Paul, P. M. et al. Observation of a train of attosecond pulses from high
harmonic generation. Science 292, 1689-1692 (2001).

10.  Christov, I. P, Murnane, M. M. & Kapteyn, H. C. High-harmonic generation of
attosecond pulses in the “single-cycle” regime. Phys. Rev. Lett. 78, 1251-1254
(1997).

11, Midorikawa, K. Progress on table-top isolated attosecond light sources. Nat.
Photonics 16, 267-278 (2022).

12, Sola, I. J. et al. Controlling attosecond electron dynamics by phase-stabilized
polarization gating. Nat. Phys. 2, 319-322 (2006).

13. Sansone, G. et al. Isolated single-cycle attosecond pulses. Science 314, 443-446
(2006).

14.  Qishi, Y. et al. Generation of extreme ultraviolet continuum radiation driven by
a sub-10-fs two-color field. Opt. Express 14, 7230-7237 (2006).

15. Mashiko, H. et al. Double optical gating of high-order harmonic generation
with carrier-envelope phase stabilized lasers. Phys. Rev. Lett. 100, 103906 (2008).

16. Ferrari, F. et al. High-energy isolated attosecond pulses generated by above-
saturation few-cycle fields. Nat. Photonics 4, 875-879 (2010).

17. Chen, M. C. et al. Generation of bright isolated attosecond soft X-ray pulses
driven by multicycle midinfrared lasers. Proc. Natl Acad. Sci. USA 111,
E2361-E2367 (2014).

18. Herndndez-Garcia, C. et al. Isolated broadband attosecond pulse generation
with near- and mid-infrared driver pulses via time-gated phase matching. Opt.
Express 25, 11855-11866 (2017).

19. Salieres, P, L'Huillier, A. & Lewenstein, M. Coherence control of high-order
harmonics. Phys. Rev. Lett. 74, 3776-3779 (1995).

20. Gaarde, M. B, Tate, J. L. & Schafer, K. J. Macroscopic aspects of attosecond
pulse generation. J. Phys. B At. Mol. Opt. Phys. 41, 132001 (2008).

21. Constant, E. et al. Optimizing high harmonic generation in absorbing gases:
model and experiment. Phys. Rev. Lett. 82, 1668-1671 (1999).

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

Page 9 of 9

Weissenbilder, R. et al. How to optimize high-order harmonic generation in
gases. Nat. Rev. Phys. 4, 713722 (2022).

Appi, E. et al. Two phase-matching regimes in high-order harmonic genera-
tion. Opt. Express 31, 31687-31697 (2023).

Sobolev, E. et al. Terawatt-level three-stage pulse compression for all-
attosecond  pump-probe  spectroscopy. arXiv https.//doi.org/1048550/arXiv.
2404.18266 (2024).

Brichta, J. P. et al. Comparison and real-time monitoring of high-order har-
monic generation in different sources. Phys. Rev. A 79, 033404 (2009).
Major, B. & Varju, K. Extended model for optimizing high-order har-
monic generation in absorbing gases. J. Phys. B: At. Mol. Opt. Phys. 54,
224002 (2021).

Sutherland, J. R. et al. High harmonic generation in a semi-infinite gas cell. Opt.
Express 12, 4430-4436 (2004).

Steingrube, D. S. et al. Phase matching of high-order harmonics in a semi-
infinite gas cell. Phys. Rev. A 80, 043819 (2009).

Tsai, M. S. et al. Nonlinear compression toward high-energy single-cycle pulses
by cascaded focus and compression. Sci. Adv. 8, eabo1945 (2022).

Von Conta, A, Huppert, M. & Waérner, H. J. A table-top monochromator for
tunable femtosecond XUV pulses generated in a semi-infinite gas cell:
experiment and simulations. Rev. Sci. Instrum. 87, 073102 (2016).

Gaarde, M. B. & Schafer, K. J. Generating single attosecond pulses via spatial
filtering. Opt. Lett. 31, 3188-3190 (2006).

Pazourek, R, Nagele, S. & Burgdorfer, J. Attosecond chronoscopy of photo-
emission. Rev. Mod. Phys. 87, 765-802 (2015).

Lucchini, M. et al. Ptychographic reconstruction of attosecond pulses. Opt.
Express 23, 29502-29513 (2015).

Steingrube, D. S. et al. High-order harmonic generation directly from a fila-
ment. N. J. Phys. 13, 043022 (2011).

Haworth, C. A. et al. Half-cycle cutoffs in harmonic spectra and robust carrier-
envelope phase retrieval. Nat. Phys. 3, 52-57 (2007).

Major, B. et al. High-order harmonic generation in a strongly overdriven
regime. Phys. Rev. A 107, 023514 (2023).

Kretschmar, M. et al. Compact realization of all-attosecond pump-probe
spectroscopy. Sci. Adv. 10, eadk9605 (2024).

Shim, B. et al. Generation of high-order harmonics and attosecond pulses in
the water window via nonlinear propagation of a few-cycle laser pulse. Opt.
Express 31, 32488-32503 (2023).

Rundquist, A. et al. Phase-matched generation of coherent soft X-rays. Science
280, 1412-1415 (1998).

Popmintchev, T. et al. Bright coherent ultrahigh harmonics in the keV
X-ray regime from mid-infrared femtosecond lasers. Science 336,
1287-1291 (2012).

Heyl, C. M. et al. Introduction to macroscopic power scaling principles for
high-order harmonic generation. J. Phys. B At. Mol. Opt. Phys. 50, 013001
(2017).

Miranda, M. et al. Simultaneous compression and characterization of ultrashort
laser pulses using chirped mirrors and glass wedges. Opt. Express 20, 688-697
(2012).

Itatani, J. et al. Attosecond streak camera. Phys. Rev. Lett. 88, 173903 (2002).
'Huillier, A, Li, X. F. & Lompré, L. A. Propagation effects in high-order harmonic
generation in rare gases. J. Opt. Soc. Am. B 7, 527-536 (1990).

Catoire, F. et al. Complex structure of spatially resolved high-order-harmonic
spectra. Phys. Rev. A 94, 063401 (2016).

Priori, E. et al. Nonadiabatic three-dimensional model of high-order
harmonic generation in the few-optical-cycle regime. Phys. Rev. A 61,
063801 (2000).

Herndndez-Garcia, C. et al. High-order harmonic propagation in gases within
the discrete dipole approximation. Phys. Rev. A 82, 033432 (2010).

Becker, A. et al. Total ionization rates and ion vyields of atoms at non-
perturbative laser intensities. Phys. Rev. A 64, 023408 (2001).

Pablos-Marin, J. M, Serrano, J. & Hernandez-Garcia, C. Simulating mac-
roscopic high-order harmonic generation driven by structured laser
beams using artificial intelligence. Comput. Phys. Commun. 291, 108823
(2023).

Couairon, A. et al. Practitioner’s guide to laser pulse propagation models
and simulation: Numerical implementation and practical usage of
modern pulse propagation models. Eur. Phys. J. Spec. Top. 199, 5-76
(2011).


https://doi.org/10.1038/s41377-024-01564-5
https://doi.org/10.48550/arXiv.2404.18266
https://doi.org/10.48550/arXiv.2404.18266

	Isolated attosecond pulse generation in a semi-infinite gas cell driven by time-gated phase matching
	Introduction
	Results
	Discussion
	Materials and methods
	Experimental setup
	Theoretical simulations

	Acknowledgements
	Acknowledgements




