PHYSICAL REVIEW X 10, 041011 (2020)

J. Schﬁtz,l’z’* B. For: ,1’2 W. Schweinberger,l’3 I. Liontos,3 H. A. Masood ,3 A. M. Kamal,3 C. Jakubeit,2 N. G. Kling ,1
T. Paasch—Colberg,l’ S. Biswas ,1’2 M. Hogner ,1’2 1. Pupeza,l’2 M. Alharbi,3 A. M. Azzeer ,3’T and M. F. Kling L2

®

Phase-Matching for Generation of Isolated Attosecond XUV and
Soft-X-Ray Pulses with Few-Cycle Drivers

lPhysics Department, Ludwig-Maximilians-Universitit Munich, D-85748 Garching, Germany
*Max Planck Institute of Quantum Optics, D-85748 Garching, Germany
*Attosecond Science Laboratory, Physics and Astronomy Department,
King Saud University, Riyadh, Saudi Arabia

(Received 18 December 2019; revised 2 July 2020; accepted 19 August 2020; published 15 October 2020)

Isolated attosecond pulses (IAPs) produced through laser-driven high-harmonic generation (HHG) hold
promise for unprecedented insight into physical, chemical, and biological processes via attosecond x-ray
diffraction and spectroscopy with tabletop sources. Efficient scaling of HHG towards x-ray energies,
however, has been hampered by ionization-induced plasma generation impeding the coherent buildup of
high-harmonic radiation. Recently, it has been shown that these limitations can be overcome in the so-
called “overdriven regime” where ionization loss and plasma dispersion strongly modify the driving laser
pulse over small distances, albeit without demonstrating IAPs. Here, we report on experiments contrasting
the generation of IAPs at 80 eV in argon with neon via attosecond streaking measurements. Comparing our
experimental results to numerical simulations, we conclude that IAPs in argon are generated in the
overdriven regime. We introduce a simple expression that fully describes the HHG dipole phase-mismatch
contribution, specifically the effect of the blueshift of the driving laser. Furthermore, we present a method to
numerically calculate the transient HHG phase mismatch, which allows us to demonstrate the accuracy of
the introduced phase-mismatch expression. Finally, we perform simulations for different gases and
wavelengths and show that including the full HHG dipole phase-mismatch contribution is important for
understanding HHG with long-wavelength, few-cycle laser pulses in high-pressure gas targets, which are
currently being employed for scaling isolated attosecond pulse generation beyond extreme ultraviolet

(XUV) towards soft-x-ray photon energies.

DOI: 10.1103/PhysRevX.10.041011

I. INTRODUCTION

High-harmonic generation (HHG) in atoms or molecules
[1-4] constitutes the building block for the foundation of
attosecond science [5—10]. It arises when an intense laser
field interacts with an atom or molecule, and it can be
understood by an intuitive semiclassical model [11]
describing the process in three steps: An electron tunnels
out of the atom through the potential barrier; it sub-
sequently propagates under the influence of the electric
field; and finally, it recollides and recombines with the
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atom, generating a photon whose energy typically lies in
the extreme ultraviolet (XUYV, 10 eV-100 eV) or soft-x-ray
region (100 eV-1 keV). Further advances in the area of
subcycle waveform control of laser pulses [12,13], in
combination with sophisticated techniques developed to
exploit the intrinsic synchronization between the HHG
radiation [7,11] and the driving laser field, have led to the
production of isolated attosecond pulses (IAPs) [6].
Generation of IAPs extended the powerful techniques of
pump-probe spectroscopy to the electronic time scale and
paved the way to a plethora of applications.

In order to extract single IAPs from HHG radiation,
several gating schemes have been proposed and demon-
strated experimentally [9]. Apart from amplitude gating [6],
polarization gating [14], double optical gating [15], or
interferometric polarization gating [16] achieved by shap-
ing the waveform of the laser pulses, controlling the
ionization of the HHG target gaseous medium provides
two more ways to generate IAPs. First, by using a strong
enough field, the ground state of the atom can be depleted
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by a single half-cycle in the leading edge of a laser field,
inhibiting XUV emission during later half-cycles [17,18].
Second, the ionization of atoms leads to an additional time-
dependent dispersive plasma term for the driving laser
pulse, such that phase-matching between the driving pulse
and generated HHG can be confined to a single half-cycle
[19-24], which is termed transient phase-matching. This
method has recently sparked a lot of interest in HHG and
especially single IAP generation with long-wavelength
driving laser pulses that can reach up to 1-keV photon
energy spanning the water window [25,26].

In HHG, the phase mismatch not only consists of the
wave-vector mismatch of the generated harmonic radiation
and the driving laser, but it also contains a contribution due
to the phase of the HHG dipole, which depends on the
intensity and wavelength of the driving laser [27]. If the
driving laser changes only slowly within the HHG target,
the dipole contribution can be ignored. Perfect phase-
matching is reached at a critical ionization fraction 7,
[28] of the HHG medium, when the plasma-induced
dispersion and the atomic dispersion balance. For a given
laser-pulse shape, 7, determines the maximum intensity for
which phase-matching at the peak of the pulse is possible,
thereby limiting the maximum XUV energy that can be
phase-matched. This maximum photon energy has been
termed the phase-matching cutoff [28], and this picture is
commonly used in the discussion of waveguide-based
HHG sources [24,25,28-30].

With the use of longer-wavelength driver lasers to
achieve a higher cutoff in the water window and beyond,
higher gas pressure is required in order to compensate for
the lower single-atom HHG conversion efficiency
[26,29,31]. However, this higher gas pressure leads to a
higher plasma density and, consequently, a reshaping of the
driving laser pulse, which in gas targets occurs mostly
through plasma defocusing, resulting in an intensity reduc-
tion and blueshift. The latter is most pronounced for
few-cycle pulses. This pulse reshaping affects HHG
phase-matching, and the dipole contribution has to be
taken into account, which has been the subject of a number
of theoretical [31-34] and experimental [35-38] studies.

Several important aspects about HHG in this regime have
been revealed theoretically. Generally, since the phase
mismatch is proportional to the harmonic order, for high
photon energies and a driving pulse undergoing reshaping,
perfect phase-matching can only be achieved locally and
transiently. Furthermore, the HHG dipole phase can
counteract the plasma-induced phase increase of the driving
laser, either through a blueshift [32] or an intensity decrease
[33], leading to perfect phase-matching and XUV buildup
over propagation lengths of 10-100 xm. While the former
has been used to explain experiments with an XUV cutoff
significantly above the phase-matching cutoff up to the keV
energy range [39-42], due to the low photon flux, it is not

clear whether perfect phase-matching has been achieved.
Finally, simulations of HHG with long-wavelength drivers
and high-pressure gas targets with realistic pressure dis-
tributions have shown a pronounced intensity clamping of
the driving laser [31].

On the experimental front, there have been several
studies involving long-wavelength drivers or tight-focusing
conditions or both [35,36,38], including one with an
additional plasma density measurement [37], indicating
the importance of plasma defocusing. In the latter [37], the
simulations showed XUV buildup over a few 100 ym, an
intensity clamping, and plasma-induced pulse reshaping of
the driving laser. This regime was termed the “overdriven
regime.”

However, while the intensity decay is usually included
in the analysis, none of these studies has presented an
expression for the phase mismatch that explicitly contains
the blueshift contribution to the dipole phase. Indeed,
except for the 1D simulations in Refs. [32,43], the latter
is usually ignored. Moreover, the experiments summa-
rized above only measured XUV spectra and did not
directly temporally characterize the IAPs and driving
laser pulses.

Here, we study the generation of IAPs in neon and argon,
at 80-eV photon energy driven by few-cycle laser pulses at
a 750-nm central wavelength and with intensity around
5x 10'* W/cm?, both experimentally and numerically.
The complete temporal characterization of the IAPs and
the laser pulses with attosecond streaking [44—47] suggests
that while the results in neon are in agreement with the
amplitude gating scheme, the TAPs from argon cannot
be understood by employing the same scheme within
the single-atom picture. This discrepancy is caused by
phase-matching effects. Here, the simulations and their
excellent agreement with the experimental findings show
that IAPs are generated above the classical phase-matching
cutoff in the overdriven regime, where the driving laser
pulses are strongly modified and the plasma-induced
transient phase-matching is responsible for the gating of
the IAPs. To be able to describe this case, we introduce an
extended analytic phase-matching expression that fully
includes the effect of the strong plasma-induced driving
pulse reshaping on the HHG dipole phase, especially the
blueshift. Moreover, we present a simple method to
numerically calculate the transient phase mismatch, which
helps us to show the accuracy of our phase-matching
expression. Through simulations, our findings are verified
for different wavelengths and gas types under strong
focusing conditions. We show that at the conditions of
maximized XUV photon flux, the contribution of the
blueshift to the dipole phase can be the dominant phase-
mismatch term. Our results offer a significantly improved
understanding of HHG phase-matching with plasma-
reshaped few-cycle driving pulses, and they are of direct
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relevance to the current efforts to push HHG into the water
window and beyond.

II. RESULTS AND DISCUSSION

A. Experimental approach and theoretical simulations

The experimental approach, which employs attosecond
streaking spectroscopy, is illustrated schematically in
Fig. 1(a) and described in detail in the Supplemental
Material (SM) [48]. In short, few-cycle laser pulses cover-
ing the infrared (IR) wavelength range from 450 nm to

1000 nm and centered around 750 nm are focused through
a static gas target (neon or argon) for HHG. The spatially
separated but concentric XUV and IR beams are focused
again with a two-component focusing mirror on a neon gas
jet for streaking, where a time-of-flight (TOF) spectrometer
is used for kinetic energy analysis of the photoelectrons.
The inner part of the double mirror, which is movable with
respect to the outer one for variable pump-probe time delay,
reflects the XUV centered around 80 eV with a bandwidth
of 6.4 eV and a flat spectral phase. We use variable HHG
target gas pressure, the HHG focusing mirror position, and
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FIG. 1.

HHG generation at 80 eV with sub-two-cycle pulses at 750 nm in neon and argon. (a) Scheme of the experimental setup. (b,

¢) Experimental attosecond streaking traces for isolated attosecond pulse generation through HHG in neon and in argon, respectively.
The retrieved raw (dots) and filtered (solid line) streaking curves from the Gaussian fits are shown. (d,e) Electric field reconstructed from
the streaking curves from the Gaussian fit (red dashed line) and the ptychographic reconstruction algorithm (black solid line). (f,
g) Reconstructed temporal profiles of XUV intensity (blue) and phase (red), for neon and argon, respectively. The black dashed line
shows the pulses from the simulation. The shaded areas show the standard deviation (see text for details). (h,i) Experimental and
simulated XUV spectra in argon when the double mirror is replaced with a grating spectrometer for two different values of the CEP (see

Sec. IV for details).
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dispersion control by fused silica wedge insertion to
optimize AP generation (see Sec. IV for details on the
optimization procedure). For example, when switching
from neon to argon, additional dispersion and a shift
of the focus position with respect to the target are needed.
The HHG spectrum can also be recorded with an XUV
spectrometer by removing the double mirror.

The attosecond streaking spectrograms are shown in
Fig. 1 for XUV generated in neon (b) and argon (c), from
which precise information including the electric field of the
IR pulses, as shown in Figs. 1(d) and 1(e), at the streaking
focus can be obtained [44,49]. Here, both spectrograms are
normalized. Note, however, that the XUV photon flux for
argon is roughly a factor of 3 lower than for neon. For a
coarse reconstruction, a streaking curve is extracted from
the central energy of the fit of a Gaussian function to the
photoelectron spectrum for each delay step (white dots).
This curve is subsequently smoothed by filtering out
frequency components beyond the laser bandwidth.

In order to reconstruct the attosecond XUV pulses, we
employ the ptychographic reconstruction algorithm
described in Ref. [50]. As can be seen in Figs. 1(f) and
1(g), the reconstruction yields XUV temporal profiles
(blue lines) for argon and neon HHG with 309 £9 as
and 323 +4 as full-width-at-half-maximum (FWHM)
duration, respectively, with almost negligible chirp and
almost no satellite pulses (contrast better than 50:1) as is
also evident from the shape of the spectrograms. The
algorithm furthermore returns the streaking laser pulse as
shown in Figs. 1(d) and 1(e) in black. Both streaking pulse
shapes agree very well with the ones obtained through the
Gaussian fits.

In order to gain insight into the pulse propagation
dynamics in the HHG target, we perform numerical
simulations with a model described in detail in Ref. [51].
In short, for both the driving field and the XUV field, linear
refraction and absorption are considered in paraxial
approximation with cylindrical symmetry. Moreover,
for the driving laser field, the Kerr effect and the plasma
generation—leading to ionization loss, plasma defocusing,
and blueshift—are taken into account. For the XUV
emission, the dipole response of individual atoms is
modeled using the strong-field approximation (SFA) with
hydrogenlike dipole moments, including ground-state
depletion by a static ionization rate [52]. Even though
the use of hydrogenlike dipole moments means that we
cannot expect absolute quantitative agreement in terms
of photon flux, phase-matching effects are adequately
described within SFA. The input pulse for the simulations
is obtained from the measured streaking trace in neon
through a detailed modeling of the propagation through the
HHG target and the beamline (see SM [48] for details).

The experimentally measured XUV spectrum in argon is
shown in Fig. 1(h) and compared to simulations in Fig. 1(i).
Good agreement between the experiment and simulation is

observed, including details like the steplike increase of the
spectrum for CEP = ¢, (red curves) at lower energies.
With this agreement, the temporal behavior of the IAPs, as
shown in Figs. 1(f) and 1(g), is very well reproduced,
especially for argon. There is a slight overestimation of the
trailing edge in the neon pulse shape, which might be due to
an overestimated weight of long trajectories in SFA
compared to full quantum mechanical simulations [27].

Two aspects of our experimental results are remarkable.
First of all, the phase-matching cutoff for our pulses in
argon should be around 70 eV. However, we observe IAPs
in argon at 80 eV. Second, we observe a distinct difference
in the measured streaking electric fields in Figs. 1(d)
and 1(e). While the change in laser-pulse shapes in the
two cases is mostly due to the spectral phase change caused
by the additional fused silica wedge insertion for argon
obtained from the experimental optimization, the carrier-
envelope phase (CEP) of the measured waveforms differs
by roughly z/2. Even though the CEP = 0 for neon might
be a coincidence, the relative CEP shift of the argon
streaking trace cannot be easily explained without assum-
ing a considerably different CEP in the HHG target. We
interpret both observations as a hint that the HHG dynamics
in argon is different from neon, especially with regard to
phase-matching.

B. XUV generation in the overdriven regime

Since transient phase-matching will affect how XUV
radiation builds up from the XUV polarization, we start by
comparing the XUV temporal profile and the correspond-
ing source term. Figure 2(a) shows the spatiotemporally
resolved XUV electric-field amplitude at the end of the
argon HHG target within the XUV multilayer mirror
bandwidth. The resulting pulse shows a strong peak at
around 0.1 fs and some very small, almost indiscernible,
satellite pulses at around —1.1fs and 1.3 fs [better
visualized in panel (c)]. The smooth radial profile seems
to indicate that off-axis phase-matching does not play a
major role here, as opposed to tighter focusing condi-
tions [36].

To see whether and how the XUV buildup is influenced
by any transient phase-matching, we compare the XUV
field amplitude to the time-resolved HHG source term,
shown in Fig. 2(b), in the same energy window. We
calculate the latter for each spatial coordinate from the
nonlinear polarization in the HHG target. From this
calculation, the source signal, which would be generated
from perfect, time-independent phase-matching, is deter-
mined by integrating the absolute value of the HHG source
amplitude along the propagation axis. In comparison to the
XUV temporal profile, the HHG source term exhibits,
besides the main pulse at around 0.1 fs, another significant
contribution about one half-cycle later, at around 1.3 fs,
which is strongly suppressed in the XUV spatiotemporal
structure. The suppression of the second pulse can only be
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FIG. 2. Simulation of XUV generation in argon and evolution of the driving laser. (a) Spatiotemporal structure of XUV pulse at the
end of the target calculated within the energy window illustrated by the inset, which shows an isolated attosecond pulse.
(b) Spatiotemporal structure of the XUV source term within the above energy window integrated along the propagation axis assuming
perfect phase-matching. (¢) Comparison of the far-field XUV temporal profile at the position of the double mirror (solid black line) with
the radially integrated source term from panel (b) (red). The absence of the satellite pulse at around 1.3 fs compared to the source term
indicates that a transient phase-matching mechanism is present. (d) Evolution of the peak intensity of the driving laser pulse on the
propagation axis within the gas target for neon (black line) and argon (red line). The blue shaded areas here and in panel (e) show the gas
pressure distribution for both argon and neon. The propagation in argon is strongly influenced by the interaction with the gas. (e) XUV
source term (solid line) within the energy region specified in the inset of panel (a) and the ionization fraction at the end of the pulse
(dashed lines) for neon (black) and argon (red). The source term for argon is restricted to the entrance of the gas target. Note the different

scaling for argon and neon.

explained by a time-dependent macroscopic phase mis-
match. As a side remark, the HHG source term is more
centered around the propagation axis compared to the XUV
field, which is due to the neglect of diffraction. The
suppression of the second pulse is further illustrated in
Fig. 2(c), which shows the XUV electric field (black solid
line) and HHG source (red solid line) integrated along the
radial axis.

C. Limitations of phase-matching descriptions without
a dipole term in the overdriven regime

In order to understand how different aspects of the pulse
propagation affect the XUV generation and buildup, we
need to briefly revise the general expression for phase-
matching. In the most general form, the phase mismatch
Ak(w,) of the gth harmonic at frequency ,, is given by the
difference between the wave vector k and the phase
gradient of the source term [27]:

Ak(wq) = kwq ~Vohsource = kwq —q-Vr— v47dipole' (1)

As shown above, the source term can be further decom-
posed into a contribution from the driving laser field ¢
and the intrinsic HHG dipole phase ¢gipor.- The former

contains the Gouy phase as well as the wave vector of the
driving laser field, which depends on the gas pressure and
plasma density. The latter term, which is absent in
perturbative harmonic generation, depends both on the
driving laser intensity / and frequency @, and can be
approximated by Vo = —a,;V(U,/hw,) [27], where
a; is an energy-dependent proportionality constant that
differs for long and short trajectories and U, is the
ponderomotive potential. Since the driving laser can lead
to a significant increase of plasma density between different
half-cycles, which in turn influences the pulse itself,
specifically its wave vector, the phase mismatch generally
depends on time .

As we are interested in the XUV far field close to the
optical axis, and because there is, additionally, no indica-
tion of a particular off-axis contribution [see Fig. 2(a)], we
restrict our analysis of the phase mismatch in the gas target
to the propagation axis (r = 0) in the longitudinal direction
(1?%||zz) and to the energy window around 80 eV, unless
stated otherwise.

For a driving laser pulse that is slowly varying with
propagation, the gradient of the dipole contribution, as well
as the Gouy phase, can be neglected, such that the phase
mismatch is given by the wave-vector difference of the
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driving laser and HHG radiation (see SM [48] for further
discussion). For reasonably high harmonic orders ¢, the
XUV dispersion can even be neglected, and the HHG
phase-matching only depends on the wave vector of the
driving laser pulse alone. The neutral atom contribution is
negative and can be balanced by the positive plasma
contribution, depending on the fraction of ionized gas
atoms 7. At the critical ionization fraction 7., both terms
exactly cancel, and perfect phase-matching occurs [28]. For
a given pulse shape and driving wavelength, it is reached at
a specific intensity, which in turn limits the maximum HHG
photon energy. This energy is the aforementioned phase-
matching cutoff [28]. For argon at a wavelength around
800 nm, the critical density is 3.8%, and it is reached with
our pulse at 3.3 x 10'* W/cm?, which would give a phase-
matched cutoff of 70 eV. However, in our experiment, we
observe an XUV cutoff of around 80 eV. In order to
understand our results, we therefore have to additionally
consider the phase-matching contribution of the HHG
dipole.

This reasoning is further motivated by Fig. 2(d), which
shows the simulated maximum intensity of the pulse on the
propagation axis for HHG in argon (red) and neon (black).
The pressure distribution is shown as the blue-shaded area.
While in neon the intensity profile closely follows the
Gaussian beam, consistent with our assumption of approx-
imately linear propagation, the pulses are strongly modified
in argon. As soon as the pressure rises, there is a strong
drop in intensity from 4.7 x 10 W/cm? to 3 x
10" W/cm? within the first few 100 ym of the target,
followed by a slower decrease. This behavior can be
explained by the different ionization fractions for the
two gases, which is illustrated in Fig. 2(e). The fraction
of ionized atoms (dashed lines) after the pulse has passed is
more than a factor 100 higher at the beginning of the target
for argon (up to 50%) compared to neon (up to 0.4%),
which is due to the difference in ionization potentials
(Ipargon = 15.8 €V and [, ;oon = 21.6 €V) and the highly
nonlinear ionization probability in the tunneling regime. At
these pressures, the plasma generation in argon influences
the pulse intensity through absorption and defocusing,
which leads to the strong intensity decay on axis.
Moreover, the pulse experiences a blueshift since longer
wavelengths are affected more by plasma defocusing. We
note that due to the geometry of our beamline, which blocks
the driving laser on the propagation axis, this reshaping is
only very weakly present in the measured streaking curve,
as confirmed by a full simulation of the HHG process,
beamline propagation, and refocusing in the streaking focus
(see SM [48] for discussion). The high ionization proba-
bility also influences the XUV generation and leads to an
increase in the HHG source term (solid line), which is
proportional to the ionization probability amplitude. While
the source term in the 80-¢V window in neon (black solid
line) stays almost constant throughout the target, there is a

strong peak at the target entrance for argon (red solid line),
which decays within a few 100 yum as the intensity
decreases and the HHG cutoff falls below the considered
energy window. Thus, for argon, in the region where the
XUV generation takes place, the pulses get strongly
modified in intensity and driving wavelength, affecting
phase-matching, which we have to account for.

D. Complete phase-matching description and
comparison to experiment

We introduce here a straightforward application of
Eq. (1), which explicitly contains the effect of the blueshift
on the dipole contribution, to describe the phase mismatch:

Ak(t,z) =—q0,¢r(t,2)
st (i)

W

with the phase of the driving laser field ¢, the instanta-
neous intensity /(¢,z), and radial driving frequency
@o(t,z). All values are calculated in the comoving refer-
ence frame in our simulation. Together with the assumption
that the XUV propagates with the speed of light, this is the
reason that the XUV wave-vector contribution does not
appear in Eq. (2). Since we investigate the phase mismatch
close to the cutoff at 80 eV, we set & = 3.2. In principle, for
a fixed XUV energy, a is also dependent on the intensity
and laser frequency, which we ignore for simplicity. As a
consequence, the phase mismatch is split into two con-
tributions, one from the driving laser pulse and the other
from the XUV dipole. We would like to point out that, by
using the numerical calculation for the driving laser-pulse
phase, the first term intrinsically contains atomic and
plasma dispersion as well as any geometric phase.

With this expression, we analyze the phase-matching for
argon at the entrance of the HHG target (z = —0.8 mm), at
the maximum of the XUV source term. Figure 3(a) shows
the driving laser field (red solid line) and the fraction of
ionized atoms (black solid line). Already at the beginning
of the time window investigated here, the fraction of
ionized atoms is 4.8%, and therefore, it is above the critical
ionization of 3.8%. Figure 3(b) shows the phase mismatch
calculated from different expressions (solid and dashed
lines) and the XUV source term amplitude in the energy
region around 80 eV (blue shaded area). The XUV source
term exhibits two main peaks of almost equal height from
two different half-cycles at around —0.1 fs and 1.2 fs,
similar to Fig. 2(c). All phase-matching expressions show
the general trend of an increase of the phase mismatch as
the plasma density increases over consecutive half-cycles,
which qualitatively explains why the second peak is more
strongly suppressed compared to the first one. However, the
expressions neglecting the dipole contribution [solid gray
line, Eq. (2) of the SM [48], and dashed black line, Eq. (2)
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fraction of ionized atoms (black). (b) On-axis phase mismatch in
the analytic expression without a dipole (gray), the calculated
phase mismatch with the dipole contribution (black) and without
(black dashed), and the numerical phase mismatch calculated
from the complex source term (orange) and the source-term
amplitude (blue shaded area) at z = —0.8 mm. (c) On-axis
source-term amplitude (shaded area) and evolution of the
XUV amplitude from the full simulation (solid line). The color
indicates the first (orange) or second (blue) half-cycle centered
around 0.1 fs and 1.2 fs, respectively, as shown in panel (b).

without a dipole term, in Fig. 3(b)] also exhibit a strong
phase mismatch for the first peak and an overall small
difference of the phase mismatch of both peaks. In
comparison, the expression that includes the dipole term
(solid black line) shows a smaller phase mismatch at the
beginning of the pulse up to around 1.5 fs and a zero
crossing of the phase mismatch for the first peak. This
expression can be explained by closer examination of
Eq. (2). As the plasma density rises above 7., the phase
mismatch due to the propagation of the driving laser
increases [first term in Eq. (2), see also Eq. (1)].
However, since ionization, plasma formation, and plasma
defocusing generally lead, on axis, to an intensity decay
(0.1 <0) and a blueshift (0.w > 0), the last term is
negative and can counteract the plasma dispersion. In other
words, the plasma-induced increase of the driving laser-
pulse phase is balanced by a decrease of the XUV dipole

phase. Hence, phase-matching can be achieved even above
N> and higher cutoff energies than predicted by the phase-
matching cutoff are possible [36]. Pulse reshaping therefore
can enable phase-matching at least over small distances, as
pointed out in Refs. [31-33,36,43], which is in contrast to
the general notion for longer generation lengths—that the
driving laser pulse should ideally remain unchanged (see,
e.g., Ref. [24]).

In order to evaluate this phase-matching expression, we
compare it to the phase mismatch numerically calculated
from the XUV source term (solid orange line; see Sec. [V
for details). Since we assume an XUV phase velocity of ¢
and are in a comoving frame of reference, the numerical
phase mismatch is simply given by the derivative of the
source-term phase along the propagation axis. It is apparent
that the numerically calculated value is only close to the full
expression [Eq. (2)] and strongly deviates from the other
two. However, the numerical expression shows the opposite
tilt compared to the analytical expression. The main reason
is that we assume a constant a, while in reality, it increases
from long to short trajectories, i.e., from earlier to later
rescattering times. This increase could be taken into
account by calculating the instantaneous frequency and
the corresponding instantaneous dipole phase coefficient.
Better agreement could probably be obtained by expres-
sions that contain the SFA integrals [32,33,43], however, at
the expense of drastically increased complexity, compa-
rable to a full SFA HHG calculation. We conclude that
Eq. (2) gives a good quantitative estimate for the value of
the actual phase mismatch. The result of the phase mis-
match for the two different peaks of the XUV source term
in Fig. 3(b) for the XUV buildup on the propagation axis is
shown in Fig. 3(c). While the strength of the source term
(shaded area) of both peaks is similar, the resulting XUV
yield for the first peak (orange line) is much higher than for
the second (blue line). This result is an immediate conse-
quence of the plasma-induced transient phase mismatch
discussed above. After the generation of the harmonic at the
entrance, reabsorption in the target sets in. For the con-
ditions in our simulations, XUV photons generated at the
entrance of the target are transmitted with a probability of
roughly 0.5 through the target for argon.

E. Overdriven regime for different
wavelengths and gases

Extension of the effects of pulse reshaping, intensity
decay, and blueshift on HHG phase-matching becomes
more important for the longer wavelength drivers, where
HHG often requires tight focusing of few-cycle pulses with
high gas pressure [37] to generate XUV pulses in the water
window [25,26,37,53]. To illustrate this case, we extend
our simulations to these conditions, including driving laser
wavelengths up to 1.9 um and for different HHG target
gases. To mimic the experimental situation in Ref. [37],

041011-7



J. SCHOTZ et al.

PHYS. REV. X 10, 041011 (2020)

1.0F (la) T — Ar(0.8um.180mbar) -
o O === Ne (1.4um, 1050mbar)
08k == He (1.9um, 2200mbar) _|
. = = Ar beh. focus x10
~ Q Ref. [37] (He, 1.8um)
g 06
=}
g
E’ 04 B
02 i
0.0 | —
£
3
(=)
=
o Of ====ao =7 — dk
S . e — dip dlidz
-2 F ‘ . = = dipdw/dZ
\‘ 'l = R
-4} L3R4 dk num.
1 1 1 1 1 1 1
0.00 025 050 075 1.00 125 150
z (mm)

FIG. 4. Simulated high-harmonic generation dynamics in the
tight focusing regime for different wavelengths and gases.
(a) Normalized far-field XUV flux in the cutoff region versus
normalized pressure for a 1.75-cycle pulse at 800 nm in argon
(solid blue line, py = 180 mbar, 75-95 eV, wy = 20 pym), at
1400 nm in neon (solid orange line, py, = 1050 mbar, 250—
320 eV, wy = 35 pum), and 1900 nm in helium (solid black line,
Po = 2000 mbar, 560-700 eV, wy, = 47.5 um). Here, the target
is positioned in front of the focus. The flux in argon for a gas
target positioned after the focus is shown as a dashed blue line
(upscaled by a factor 10). We compare the helium simulations to
the data from Ref. [37] (open diamonds). (b) Different contri-
butions to the total phase mismatch (thick red line) on axis for the
most intense XUV burst for argon at p = p, calculated by
Eq. (2): The phase-mismatch IR is due to the propagation of the
laser driving pulse (black line), dip; dI/dz and dip; and dw/dz
from the HHG dipole caused by the change of laser intensity
(solid blue line) and the blueshift of the laser pulse (dashed blue
line), respectively. Moreover, the numerically calculated total
phase mismatch within the half-cycle of the XUV burst is shown
as the red shaded area. The blue shaded area indicates the gas
pressure distribution.

here, we place the target in front of the focus, and the
intensity at the target entrance is chosen such that 10 times
the critical ionization would be reached at the central half-
cycle of the pulse in free-space propagation.

The normalized XUV flux for different HHG generation
conditions is shown in Fig. 4(a). The XUV or soft-x-ray
flux at different static pressures is analyzed within energy
windows of 75-95 eV, 250-320 eV, and 550-650 eV for
argon, neon, and helium, respectively. The driving laser
wavelengths of the 1.75-cycle pulses are 0.8 ym, 1.4 um,

and 1.9 um, respectively. The focusing conditions and gas
target dimensions scale with wavelength (see Sec. IV for
details). The flux is integrated over a divergence angle of
approximately 1.5 mrad. Simulations are carried out only
for a single CEP (= 0). The x axis is normalized to the
pressure p, of maximum yield. All three curves show a
similar behavior. After an initial strong increase below the
maximum, the flux rapidly drops again but then stabilizes at
a level depending on the gas type. This result is consistent
with the calculation and analysis in Ref. [33]. There is an
oscillation observable after the first maximum, which
becomes very prominent for helium, as discussed below.
The approximately constant level at high pressures can be
qualitatively explained by the increasing localization of the
source contribution at the entrance of the target, as also
observed in the simulations above [Figs. 2(e) and 3(c)], and
the transmission factors through the gas target for the
respective energy window at pg, which is around 0.5 for
neon, 0.8 for argon, and 0.98 for helium. For comparison,
we show the flux for argon (dashed blue line upscaled by a
factor of 10), when the target is placed at a position half the
Rayleigh length behind the focus for an even increased
intensity that corresponds to 15#,,. There, the maximum
flux occurs at a lower pressure and is almost 2 orders of
magnitude smaller. Additionally, we show the data of
Ref. [37] for helium (open diamonds, extracted at
3.3 bar, 410-700 eV), which agree qualitatively very well
with our simulations.

The maximum XUV or soft-x-ray flux is reached for
specific phase-matching conditions. Figure 4(b) shows the
individual contributions to the on-axis phase-matching
according to Eq. (2) for the peak of the main XUV pulse
at po. The presented data are for argon, but the conditions
for neon and helium are almost identical (see SM [48]). The
contribution of the driving pulse (black solid line) is
positive throughout the target due to the strong plasma
contribution. The HHG dipole term due to the intensity
change (blue solid line) reflects the derivative of the
intensity. First, it is positive, followed by a change in sign
slightly before the full pressure is reached; it then increases
again after the target. On the contrary, the dipole term due
to the blueshift (blue dashed line) is negative before and
within the target and then switches to positive at the end of
the target. We want to point out that the blueshift dipole
term dominates here, and it is absolutely crucial for the
understanding of the total phase mismatch. Since the dipole
terms counteract the driving laser contribution to the phase
mismatch, the overall phase mismatch (red solid line) is
close to zero within the gas target. Indeed, there is a zero
crossing slightly before the entrance and then close to the
middle of the gas target. The zero crossing at the target
entrance is located here in the rising edge of the pressure
distribution and seems to occur for a wide range of
pressures. This finding explains the results of Ref. [37],
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which observed an XUV buildup at the target entrance in
their simulations. We compare the semianalytic to the
numerical expression (red shaded area), and again, very
good agreement is observed (for a further discussion, see
SM [48]). At the condition of maximum flux, shown here,
while starting to localize towards the target entrance, the
source term still extends over the whole target length.

In order to explain the oscillation after the maximum
observed in Fig. 4(a), we have to investigate what happens
with rising pressure: The maximum of the XUV source
term becomes increasingly localized at the entrance; there-
fore, the second zero crossing of the phase mismatch does
not contribute to XUV buildup, and at the same time, the
XUV light is absorbed by the target. We note that while the
phase-mismatch curve also slightly changes, it qualitatively
stays the same in this pressure range. Therefore, the flux
drops rapidly after the maximum. As the pressure rises
further, the source-term maximum eventually overlaps with
the first zero crossing of the phase mismatch, which leads
to a small secondary maximum. The pressure of maximum
flux depends on the energy window, and we observe that
for lower photon energies, higher pressures are required, as
evident in the data of Ref. [37]. In principle, the mechanism
discussed would allow us to transiently phase-match very
high photon energies; however, due to the strong intensity
clamping at the conditions of maximized photon flux, the
HHG cutoff lies in the region of the classical phase-
matching cutoff.

Again, since we investigate the on-axis flux in the far
field, while for certain conditions off-axis phase-matching
might be favorable [35,36], we have limited ourselves to
the analysis given above. We want to point out that, unlike
in Ref. [35], short trajectory contributions dominate the
plateau region of the HHG spectrum, even though the gas
target is placed in front of the focus, consistent with
Ref. [37]. This difference can be explained by the blueshift
dipole term, which is stronger for few-cycle lasers.
Similarly to Ref. [35], we observe the formation of a
flat-top electric-field amplitude and a flat wavefront for the
main cycle, due to plasma defocusing, which should also
lead to improved divergence properties of the emitted
harmonics. Since under the pressure conditions of maxi-
mum flux and above, ionization and plasma-induced phase-
matching change drastically between different half-cycles
for few-cycle lasers, transient phase-matching will play an
important role, as discussed for our experiments above.
Moreover, even though we restrict ourselves to the analysis
of the longitudinal on-axis phase-matching, Eq. (2) can
easily be generalized to 3D, if, for example, divergence-
angle-resolved HHG spectra are studied.

In order to demonstrate that these conditions allow
isolated attosecond pulse generation in the overdriven
regime, we investigate the CEP-dependent spectra for
helium in Fig. 5(a). The parameters are the same as above
but scaled to 1.8 um at 2000 mbar helium. The
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FIG. 5. Simulated CEP variation and isolated attosecond

pulse generation for helium for the same conditions as in
Fig. 4 but scaled to a driving wavelength of 1800 nm and at
p = 2000 mbar. (a) CEP-resolved spectra. Transmission through
a 0.1-ym aluminum foil has been included to filter out the
low-energy contribution. The color bar is the same as in
Fig. 1. (b) XUV spectra near the cutoff for two different CEP
values ¢y and ¢, as indicated in panel (a). The inset shows the
data from Ref. [37]. The isolated attosecond pulses, generated in
the energy window illustrated by the gray area, are shown in
panel (c).

transmission of a 0.1-ym aluminum filter has been added.
Overall, a strong CEP dependence is observed. The spectra
in the cutoff region for two specific CEP values are
depicted in Fig. 5(b). They have a remarkable resemblance
to the experimental data of Ref. [37], shown in the inset.
The gray shaded area indicates the bandwidth for which the
resulting soft-x-ray pulse, shown in Fig. 5(c), is calculated.
Indeed, a very strong isolated pulse is observed. Even in the
complementary phase, an almost isolated pulse is gener-
ated. The pulse is slightly positively chirped and therefore
longer than the Fourier limit. If energy windows that cover
almost the whole spectrum are used in experiments, the
suitability of the generated pulses depends on which
contrast between the main soft-x-ray burst and secondary
bursts is acceptable. As can be seen in Fig. 5(a) from the
half-cycle cutoffs—manifested as diagonal stripes—several
half-cycles will contribute to the resulting pulses if, e.g., all
energies above 280 eV are included. Nevertheless, for most
CEP values, there is always one half-cycle that clearly
dominates the spectrum and therefore allows isolated
attosecond pulse generation with a moderate contribution
of secondary pulses.
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III. CONCLUSION

We have presented an experimental and numerical study
of the generation of isolated attosecond pulses in argon and
neon through high-harmonic generation at 80 eV. To our
knowledge, this value is the highest photon energy for
which isolated attosecond pulses in argon driven by laser
pulses in the 800-nm wavelength region have been
reported, and it is clearly above the classical phase-
matching cutoff. Both attosecond XUV and driving laser
pulses were characterized through attosecond streaking.
While the generation of IAPs in neon was consistent with
amplitude gating, we find that ionization-induced transient
phase-matching in the overdriven regime is the underlying
gating mechanism in argon. In numerical simulations, we
observe that the high ionization of the medium leads to a
rapid decrease of the peak intensity, thereby limiting the
HHG to the first few 100 ym in argon. Analyzing the XUV
source term, we find that, due to the high ionization rate, the
single-atom HHG process is significantly enhanced com-
pared to neon. We compare different analytic phase-
matching expressions, and through comparison with the
numerical calculation, we find that only the extended
expression introduced here, which contains the effect of
the blueshift on the HHG dipole, provides a quantitative
description. We show that the rapid decrease of the
intensity, as well as the blueshift, significantly contributes
to the phase-matching close to the XUV cutoff, allowing
phase-matched XUV generation for a single half-cycle at
considerably higher ionization fractions compared to
slowly varying intensity conditions.

We also perform simulations for other gas types and
wavelengths for conditions that are relevant to other recent
experiments, and we analyze the pressure-dependent XUV
flux close to the cutoff. At the maximum flux, phase-
matching is strongly influenced through blueshift and
intensity decay due to plasma generation. We find that
placing the target in front of the focus allows significantly
higher flux under these conditions, as the beam conver-
gence and plasma defocusing balance each other.
Moreover, our results show how pulse reshaping influences
the phase-matching under high-pressure and strong focus-
ing conditions. These findings will play a vital role for the
analysis of current and future experiments that aim at XUV
generation in the water window and beyond, which in turn
promises many interesting applications.

IV. METHODS

A. Experimental optimization of the HHG process

Experimentally, we start with HHG in neon by first
optimizing the gas pressure for maximum XUV flux. Note
that due to the feedback loop of the automated gas valve
from the background pressure in the HHG chamber, only a
rough control is possible; however, our results are not
dependent on the exact value of the pressure (see SM [48]

for further discussion). We then continued by finely adjust-
ing the fused silica wedge insertion for maximum CEP
dependence in the cutoff region of the XUV spectrum.
Subsequently, a streaking spectrogram in neon is recorded
by inserting the double mirror. We then switch to argon
after evacuating the gas supply line. Besides gas pressure
and dispersion, we also change the position of the focusing
mirror as indicated in Sec. I A and optimize the flux,
stability, and CEP dependence in the XUV spectrum.
Originally, as inferred from plasma generation in low-
pressure air, the HHG gas target had been placed several
mm behind the focus. With this procedure, we end up with
a shift of the focusing mirror by about 5.5 mm towards the
target, roughly an additional 260 ym of fused silica and
similar flow rates. Afterwards, again the streaking spectro-
grams are recorded.

B. Simulation model

The simulation code is based on a model used in
previous publications [51]. The spot size on the mirror
focusing into the HHG target is 7 mm. The HHG target is
assumed to have a thickness of 1.5 mm filled with 150 mbar
of either argon or neon. The pressure gradient outside
the target is taken from Ref. [37]. From the focal length,
pulse energy, and waveform, as well as the generated XUV
spectra, we estimate a peak intensity of 5.35x10'* W /cm?
for the neon input pulse. This estimation results in
4.8 x 10" W/cm? for argon. The shift of the focusing
mirror (f = 75 cm) is taken care of by placing the entrance
of the HHG gas target for neon 5.5 mm after the target and
at the focus for argon. The gas targets are modeled with a
Lorentzian pressure decay along the propagation axis from
the entrance and exit, as in previous publications [31,37].

The pulse obtained at the end of the HHG target is
propagated through the beamline by using the propagator of
the Helmholtz equation in the paraxial approximation. The
beam parameters are calculated at the positions of the iris
(distance between HHG target to iris: dypg_iis = 1.3 m), the
Zr filter (diis_fier = 0.3 m) that spatially separates XUV

and the driving laser, the focusing double mirror
(dHHG-double mirror = 2.0 M 1adiUS: Fiper XUV mimor = 3 MM,
Touter IR mirror — 12.5 mm;  focal length: f double mirror —
125 mm), and finally in the focus (dyouble miror—focus =
133 mm) [see Fig. 1(a)]. The system is assumed to be optically
centered in order to employ cylindrical symmetry, which
neglects the fact that the focusing double mirroris slightly tilted
(see SM [48] for more details).

C. Calculation of the time-dependent XUV source term

In the paraxial approximation, the propagation of a pulse
is given by
OE i iw P

5 ilk(w) — /v |E —WALE = @) ey’
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where k(w) is the wave vector, v, is the group velocity, A |
is the Laplacian of the transverse coordinates, n(w) is the
refractive index, €, is the permittivity of free space, and P is
the nonlinear polarization. Note that we perform the
calculation in the comoving frame of reference. The term
on the right-hand side is the source term. In the absence of
dispersion (second term = 0) and neglecting diffraction
(third term = 0), it directly describes the change of the
electric field. For the time-dependent XU V-source term, we
use the right-hand side of the above equation, multiply it by
exp(—21In(2)[(hw — 80(eV))/6.4(eV)]?) and perform an
inverse Fourier transform. With the source-term intensity,
the squared source term is denoted by source-term inten-
sity. When referring to the integrated source term, we mean
the integration of the absolute value of the source term.
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