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High-repetition-rate gas targets constitute an essential component in intense laser matter interaction
studies. The technology becomes challenging as the repetition rate approaches the kilohertz regime. In
this regime, cantilever-based gas valves are employed, which can open and close in tens of microseconds,
resulting in a unique kind of gas characteristics in both the spatial and temporal domain. Here we char-
acterize piezo cantilever-based kilohertz pulsed gas valves in the low density regime, where it provides
sufficient peak gas density for high-harmonic generation while releasing a significantly smaller amount of
gas reducing the vacuum load within the interaction chamber, suitable for high-vacuum applications. In
order to obtain reliable information of the gas density in the target jet, space-time resolved characteriza-
tion is performed. The gas-jet system is validated by conducting interferometric gas density estimations
and high-harmonic generation measurements at the Extreme Light Infrastructure Attosecond Light Pulse
Source facility. Our results demonstrate that while employing such targets for optimal high-harmonic gen-
eration, the high intensity interaction should be confined to a suitable time window, after the cantilever
opening. The measured gas density evolution correlates well with the integrated high-harmonic flux and

state-of-the-art three-dimensional simulation results, establishing the importance of such metrology.

DOI: 10.1103/PhysRevApplied.20.054048

I. INTRODUCTION

Investigations in ultrashort laser-plasma science in the
strong field regime are generically based on the interac-
tion of an appropriately focused laser driver onto reflective
(overdense) or transparent (underdense) targets. The inter-
action conditions need to be reproduced, and hence, the
target needs to be replenished, at the repetition rate of the
laser. Recent advances in few cycle, high peak power high-
repetition-rate (>1 kHz) lasers [1-4] has expedited the
development and characterization of targets that are able
to sustain interactions at such a challenging repetition rate
in a reproducible and stable manner. For all transmission-
based experiments in this domain, the use of gas targets is
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widespread because they can provide a dense, stable, and
reproducible medium for laser matter interaction studies.
The application space is ever expanding with recent
demonstrations of the laser wake field acceleration of
electrons [5,6] and high-harmonic-based attosecond pulse
generation [7—10], both operating at a high repetition rate.
In both cases a continuous gas cell has been used for the
interaction and the accessible gas density space is limited
due to the residual gas load within the vacuum cham-
ber. One straightforward way to overcome this is to use a
high-repetition-rate gas-jet target with appropriate nozzle
geometry. Pulse valves working up to a very high pressure
and gas density has been demonstrated [11], albeit operat-
ing at a low frequency. Nonetheless, the available repeti-
tion rate for pulsed valves currently allows one to reach
up to approximately 5 kHz [12—15]. The importance of
careful metrology of gas jets emanating from such valves
with respect to their appropriate application space cannot
be overemphasized. Such systems are important for the
attoscience community and beyond. For example, coupled
with the emergence of >1 kHz intense lasers [1-4] such a
high-repetition-rate gas-jet target can enable the extension
of the recent demonstrations like multimillijoule terahertz
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[16] and/or relativistic single-cycle mid-infrared (mid-IR)
pulses [17,18] to the high average power regime, opening
up wide ranging applications. The capability of solenoid
type Even-Lavie valves operating at less than 2 kHz rep-
etition rate has been demonstrated in the domain of high
harmonic spectroscopy of molecules [19,20] and transient
absorption spectroscopy [21]. Here we undertake the space
and time-resolved investigation of the gas density pro-
file of a piezo cantilever-based high-repetition-rate gas
jet from the perspective of optimizing the high-harmonic
generation (HHG).

HHG is a nonlinear process where the strong fundamen-
tal laser field gets coherently up-converted to a comb of
higher frequency radiation [22]. This frequency conver-
sion happens in a gas target for most of the cases, when
the atomic or molecular system of the gas is driven in
the strong field regime [23,24]. The conversion efficiency
is inherently defined by the HHG process that is depen-
dent on the characteristics of the generating laser pulse
and the gas medium. One of the parameters to optimize
the high-harmonic radiation is the pressure of the gas tar-
get, since the number of particles determine the number of
emitters and absorbers in the HHG and define the phase
mismatch. There is a fine balance between increasing the
number of emitters and absorbing the generated harmonics
[25,26] for a given set of laser parameters. Thus, it is evi-
dent that proper gas target characterization is essential for
optimization of the HHG process.

In this paper we perform interferometric characteriza-
tion of the space-time resolved gas density profile and
study the HHG from a cantilever-based high-repetition-
rate piezo gas-jet system. Our investigation reveals a clear
correlation of the HHG yield and dynamics of the gas
density evolution. We further corroborate our observa-
tion with three-dimensional (3D) strong field simulations
that incorporate microscopic HHG along with macroscopic
propagation effects emulating the experimental conditions.
Our results show that the gas density profile resulting from
such a valve is intricately linked to the dynamics of the
cantilever piezo. The remarkable correlation of the HHG
signal with the gas density dynamics allows us to achieve
a stable and optimum harmonic signal through carefully
setting the timing of the valve opening with respect to the
pulse arrival. This also establishes the importance of such
space-time resolved characterization for each such high-
repetition-rate piezo cantilever-based valve for any given
application under consideration. This becomes crucial in
systems like the SYLOS compact beamline at the extreme
light infrastructure attosecond light pulse source (ELI-
ALPS) [27,28] where several high-repetition-rate pulsed
gas jets can be placed in sequence [29], in order to improve
extreme-ultraviolet (XUV) beam energy, by optimizing the
phase matching conditions for applications in nonlinear
XUV physics [30-32], and also potentially in the case of
newly proposed compact setups [33].

II. EXPERIMENTS

The required behavior of a gas jet in HHG is its short
opening time, while creating a high density jet at its orifice
at high repetition rate. It is crucial to reliably synchronize
the timing of the nozzle opening of the gas jet and the
arrival of the generating laser pulse, in order to get the
best harmonic yield. The experiments have been conducted
at two separate locations. We developed a standalone
test station to characterize the gas density inside the jet
under different timing of the trigger, valve opening time,
and backing pressure. We used the outcome to compare
it to the harmonic yield obtained from the experiments
conducted at the SYLOS compact beamline [27,28] at
ELI-ALPS.

A. Gas-jet characterization by interferometry

The density profiling of gas targets has been carried out
with several different methods (see Ref. [34] and refer-
ences therein) for both static [34] and pulsed jets [35-38].
Here we undertake space-time resolved interferometry to
access the gas atomic density distribution. The experimen-
tal layout is based on an Mach-Zehnder interferometer;
see Fig. 1(a). An expanded He-Ne laser is used to enter
the interferometer after being split in two arms. The inter-
action arm passes through a gas jet to introduce some
phase shift in the optical path of the laser beam with
respect to the reference arm. Both arms are in vacuum.
The gas target transverse plane [represented by /;(y,z)
in Fig. 1(a)] is imaged onto a CMOS sensor (a commer-
cial Basler acA1440-73gm camera), where the recombined
beams form the interference pattern [/, (y, z) in Fig. 1(b)].
The following vital points have been taken into account
when characterizing the gas jets.

(a) To keep the signal-to-noise ratio high (especially
at low gas-jet densities) an ATH 500M turbomolecular
pump was providing the low ambient pressure in the cham-
ber, 107°—10~® mbar. Additionally, the whole part of the
interferometer, which is not in vacuum, had to be cov-
ered to protect the beam paths from air fluctuations and
the assembly was placed on a stable optical table. These
precautions reduced the residual gas load, minimized para-
sitic vibrations, and reduced refractive-index fluctuations
in the interferometer, allowing the intrinsic noise of the
setup to be limited to gas density levels as low as about
3 x 10'7 ¢cm™3, estimated from the analysis of reference
images of the interference pattern, without activating the
valve.

(b) The experimental target gas is argon that has a high
refractive index of 1.00028 at wavelength A = 633 nm
(for example, significantly higher compared with helium
1.000034 at the same wavelength) allowing for more sen-
sitivity in terms of measuring phase difference, in spite
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FIG. 1. Interferometric setup for gas density profile measurements for (a) the gas jet based on a high frequency cantilever valve and

data analysis flow, and (b) for number density extraction from the measured interferograms. (a) Schematic layout of the pulsed jet
density characterisation setup. A Mach-Zehnder setup is used to extract the projection interferograms /j> (v, z). The camera images the
gas-jet plane and /)5 (y,z) is formed by interference of the spatial field distribution in the gas-jet plane (interaction arm indicated by
I,(y,z)) and an equivalent plane in the other arm (reference arm indicated by 1, (y, z)). (b) Steps of the Abel transform based gas density
extraction. (01) Acquisition of interference pattern from the interferometer. (02) A 2D Fourier transform of the interference pattern
and filtering the zone of interest in the Fourier space with an appropriate mask. (03) The accumulated phase ¢ (v,z) due to the optical
path difference between the two arms is extracted from the inverse Fourier transform of F11,(k,, k). For each gas density extraction,
¢ (y,z) is retrieved with gas (¢,(y,z)) and without gas (¢o(y,z)). The difference between these two terms give the contribution of
phase due to the presence of gas, Ap(y,z) = ¢y(y,2) — ¢o(¥,2). In (04) the inverse Abel transform (IAT) is utilized on A¢(y,z) (on
the retrieved path difference), to obtain the radial and vertical phase variation 6(r,z) in the laser beam due to the gas jet. Finally, in

(05) this phase variation is converted to the refractive index, n(r,z) =

(A/2m)0(r,z) + 1, and the number density n,(r, z) is extracted

from the functional dependence of n on n,. The images in (b) represent the typical data at each step of the analysis protocol.

of the submillimetric width of the gas jet, even in the
sub-10'® cm™3 density regime.

(c) The gas refractive-index amsatz is valid, when the
characterization is not corrupted due to molecular jet for-
mation with large clusters. Within the parameter range
relevant to us, the empirical Hagena parameter I'* < 100
is significantly less than the limit I'* ~ 10° required for
cluster formation [39—41].

For the tests, we used an Amsterdam piezo valve ACPV3
model, a cantilever piezo with a 500-um nozzle size
(Appendix A). Cantilever piezos can deliver large dis-
placements up to hundreds of micrometers to 1 mm, while
working at high repetition rates, up to 5 kHz. The dif-
ference of the cantilever piezos to disk-shaped piezos is
that by adjusting the free length of the cantilever one
can adjust the displacement of the cantilever [12]. For
example, by decreasing the length, the displacement drops
rapidly, while its resonant frequency increases. Cantilever
resonance can introduce observable effects in gas density
measurement. Since the cantilever will bounce back and
forth while opening and closing the pulsed valve, it can
introduce pressure and, hence, number density fluctuation
in the released gas within one such cycle of operation.
The synchronization between the camera and the jet is
realized with a delay generator. The time resolution of the

measurement—which is determined by the shortest pos-
sible exposure time of the CMOS sensor—is 1 us. For
each measurement, two images are recorded, one with the
nozzle opened and one with the nozzle closed serving as
a reference measurement without any gas present in any
arms—this is realized by running the camera at twice the
repetition rate of the gas source. For resolving the tempo-
ral evolution of the gas density while opening the valve,
the camera trigger was delayed compared with the trigger
signal of the jet. The setup can record images at up to 100
Hz, but in order to get a background free image one has to
wait until the turbomolecular pump can reduce the pressure
in the chamber to the base—10~°—10~° mbar level, result-
ing in a few hertz operation (further details can be found in
Appendix A).

As depicted in the flow chart in Fig. 1(b), the two-
dimensional (2D) phase shift ¢(y,z) is extracted from
the interferogram using the 2D Fourier transformation
algorithm described in Ref. [42]. One can see from a typ-
ical unwrapped phase map presented in Fig. 1(b) (step 3)
that in the plane perpendicular to the propagation axis x,
the jet rapidly spreads out as the distance from the nozzle
tip increases (vertical z direction). The extra contribution
to the phase shift introduced in the probe beam propagat-
ing along x by the argon gas density profile is A¢(y,z) =
f(2n/k)An(x,y,z)dx, where An(x,y,z) =n(x,y,z) — 1
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is the shift in index of refraction due to the presence of the
gas and n(x, y, z) is the refractive index of the argon jet. As
explained in the caption of Fig. 1, A¢(y,z) is calculated
from two projection interferograms: one with the gas jet
on and the other without any gas in the interaction arm.

The measured phase map A¢(y,z) is a 2D projection
of the 3D distribution of the phase difference A¢(r,z)
introduced by the gas jet (r is the radial distance from
the center of the gas-jet axis z). Since one can assume
that the jet has a cylindrical symmetry, it is possible to
transform the projection A¢(y,z) to a radial distribution
0(r,z) = A¢(r,z) using the inverse Abel transform (IAT)
[43],

0(r,z) = 1AT[A¢ (v, 2)]
1 [ dA¢p®Y,z) 1
_;/r‘ dy /yz )

where r is the radial distance from the center of the nozzle,
z is the vertical distance from the tip of the nozzle, and
transverse coordinate y is the coordinate perpendicular to
x and z. This is indicated in step 4 of Fig. 1(b).

We numerically carry out the IAT in PYTHON using the
well-developed basis set expansion (BASEX) [44] method
in the package PyAbel [45]. The refractive index can be
expressed with the radial distribution using An(r,z) =
n(r,z) — 1 = (A/2m)6(r,z), where A is the wavelength of
the laser. The refractive index is connected to the num-
ber density. This can be found through the series of a few
steps. The molar reflectivity (4) relates the optical prop-
erties of the substance with the thermodynamic properties.
From the Lorenz—Lorentz expression that is dependent on
the temperature (7)) through the molar mass (M), 4 =
[(n2 — 1) / (n2 + 2)](M /p), where n is the refractive index
of the atomic gas and p is the gas density [37]. The
molar mass can be given by M = RTp/p, where R is the
universal gas constant and p is pressure. Using the rela-
tion between polarizability (o, = 1.664 A for argon) and
molar reflectivity, 4 = (4/3)Nya.m and ideal gas law as
pV = NRT, the number density »,,; = N/V in the units of
particles/cm?® can be written as

dy, (1)

_%_g(nz—l) 1

= =—-——Fl— 2
Ni 4 (P 12) Noawr @

nq

This is the last step presented in Fig. 1(b).

B. High-harmonic generation in the beamline

The gas density dynamics during the opening and clos-
ing of the cantilever is crosschecked on the SYLOS com-
pact beamline [27,28]. The main goal of this beamline is
to achieve high energy isolated attosecond pulses as well
as attosecond pulse trains in the sub 150 eV regime at high
repetition rate, in order to perform XUV-pump XUV-probe

nonlinear experiments [31,32]. To achieve this goal, it uses
long laser focusing (10 m) and up to four high pressure gas
jets to generate XUV radiation. The generated XUV beam
is separated from the driver IR by a 200 nm thick Al fil-
ter and the XUV signal is detected with a calibrated XUV
photodiode. The incoming beam size is around 6 cm that
is reduced with an iris to 3 cm in order to maximize the
XUV yield—resulting in around 12 mJ in the interaction
region. These conditions enable the generation of around
30 nJ XUV pulses, from argon gas, after XUV filter.

The driving laser for this experiment was the SYLOS
experiment alignment laser [46] that operates at 10 Hz and
delivers 34 mJ pulse energy with 11 fs pulse duration at
825 nm central wavelength. When optimizing the XUV
energy, it is crucial to get the timing of the valve opening
and the opening duration correct for the individual gas jets,
in order to maximize the gas density in each interaction
region. By keeping the valve opening time constant and
changing the delay between the laser trigger and the open-
ing of the valve one can study the impact of the dynamics
of the valve opening on the integrated yield of the gener-
ated XUV. In an ideal case there is a rise in the gas density
as the valve opens, so the XUV yield grows, then it reaches
a maximum, when the valve opens the most. The gas den-
sity corresponding to the maximum valve opening should
stay fairly constant during the opening time of the valve,
then it should slowly drop to zero with the closing valve.
This is the typical behavior at the disk-shaped piezo valve.
We show that the gas density does not stay constant during
the opening time of the cantilever piezo valve, which intro-
duces an extra factor to optimize during the high-harmonic
generation.

II1. RESULTS

A. Experimental observations

In Fig. 2(a) we present the retrieved gas atomic number
density distribution along the radial (please note that the
radial 7, x, and y distributions are the same due to the cylin-
drical symmetry of the gas flow) and the vertical direction,
achieved by applying the protocol presented in the previ-
ous section. The presented density map is achieved at one
specific delay after opening of the gas valve. Because of
the shape of the nozzle, the expanding gas jet is rather
confined into a cylinder along the vertical direction with
a diameter of 500 pm (which is the opening size of the
nozzle) and not expanding much in the radial direction.
As expected, the maximum value of the number density
distribution is close to the exit of the valve and its value
is around 1.2 x 10" particles/cm?®. The central z lineout
nqa(r = 0,z) presented in Fig. 2(b) shows the exponential
decay of the number density distribution as the distance
from the nozzle increases in the vertical direction, a typ-
ical feature of such nozzle geometry [11,35]. In Fig. 2(c)
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FIG. 2. (a) The distribution of the number density of the gas
along the radial and the vertical direction. The corresponding
colorbar is located at the top of the figure and is expressed in
atoms/cc. (b) The vertical decay of the gas number density from
the center of the nozzle (radial position 0.0 mm) as one moves
away from the nozzle (green line). The circles with their horizon-
tal dashed lines show the vertical position of the outlines of the
(c) radial gas density distribution. The actual vertical distances
of these lineouts are shown in the top right corner.

we plot the radial lineouts of n;(r, z) for the five different z
values marked in Fig. 2(b).

In all the measurements the opening window of the
valve is set to 400 ps. In Fig. 3(a) we present five differ-
ent snapshots of the dynamic evolution of the gas number
density distribution in space, within the opening window of
the gas valve. As discussed before, the gas density is expo-
nentially dropping as a function of height from the nozzle
exit. Therefore, in order to access the higher density region
for the HHG experiments, for the given focusing configu-
ration, one has to shoot as close to the exit of the nozzle as
possible, without damaging the nozzle. Because of techni-
cal constrains, for our conditions, in the HHG experiments
we kept the center of the intense focused beam around
400 pm above the exit. The black dashed horizontal lines
on the colormaps in Fig. 3(a) represent the laser propa-
gation axis (z = 400 wm) for HHG experiments. The red
solid circles in Fig. 3(a) indicate the position of maximum
atomic gas density along the laser propagation axis. These
colormaps show that during the opening time of the valve
the laser focus experiences large variations in the gas dis-
tribution. In order to closely follow the temporal evolution
we obtain a large number of 2D spatial gas number den-
sity snapshots as a function of delay within the opening
window of the valve. In Fig. 3(b) we plot the maximum
number density seen by the center of the laser focal spot as
a function of this delay. The vertical red lines in Fig. 3(b)
indicate the temporal delay where the 2D number density

snapshots [presented in Fig. 3(a)] were taken, while the red
circles and the black curve correspond to the maximum gas
number density in the focal spot.

In an ideal case, during the scan of the opening window
one would see the rise then the drop of the number of par-
ticles in the interaction region, while the maximum would
show the right delay setting for optimal harmonic yield.
However, in our case, in Fig. 3(b) we clearly identify sev-
eral maxima as a function of the delay. Time-dependent
injection of the gas jet within the pulsed valve aperture
time and a consequent gas density depletion has been
observed by other research groups as well [35,36,38].
One can observe two important features on the graph in
Fig. 3(b): on one hand, the opening and closing of the
valve is not sudden, but takes several tens of microseconds;
on the other hand, during the opening window, the signal
oscillates. The first minimum is a drop of approximately
40% in the number density, while the following drops are
less intense. However, the maxima reaches roughly the
same level in each case. The observed facts are a clear
sign of a damped oscillation of the cantilever piezo [12]
that is well known from vibrations of cantilever beams
[47]. The frequency of this oscillation is roughly 7.6 kHz,
determined by physical parameters of the piezo and not
influenced by the driving frequency [12]. The results show
that the dynamics of the cantilever when using it as a
valve introduces variations in the gas-jet density profile,
emphasizing the importance of such metrology in any
experiment that is sensitive to the gas atomic number den-
sity. In addition, since the gas expansion from such a valve
is nontrivial, the knowledge of the exact distribution of gas
density could improve the understanding and modelling
of the HHG process, while correlating with experimental
observations.

Figure 3(c) presents the normalized high-harmonic yield
(red rectangles) as a function of the delay of the arrival
time of the interacting intense focused laser pulse with
respect to the opening time [marked as zero delay that
signifies a measurable number density above the detec-
tion threshold in Fig. 3(b)] of the valve. The relative high-
harmonic yield is experimentally measured with a thin film
coated photodiode (Optodiode-AXUV100AL). The HHG
yield data presented in Fig. 3(c) is normalized with respect
to the maximum measured yield. The red vertical lines cor-
respond to the delay times presented in Fig. 3(a). Multiple
red rectangles at the same delay time [when available are
presented in Fig. 3(c)] represent typical fluctuations in the
measured yield. The measured HHG yield data in Fig. 3(c)
follows remarkably well the number density variations
presented in Fig. 3(b).

For the HHG interaction, we note the following
points.

(a) The laser-pulse duration (approximately 11 fs
FWHM of the pulse intensity envelop) is negligible on
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FIG. 3. (a) The spatial distribution of measured 2D gas atomic density profiles n,(x, z, f) [= n,(y,z, f)] as a function of delay from
valve opening. The black dashed vertical line along y defines the gas-jet symmetry axis and the dashed horizontal line x is along the
laser propagation direction during strong field interaction. The colorbar represents atomic density in atoms/cc. The red shaded circle
at the center of each gas density slice indicates the reference point where the interaction is centered. (b) Gas atomic density at the
same point as a function of delay time (the black curve). The dynamics of the high-repetition-rate cantilever valve opening and closing
leads to a characteristic variation of gas density as a function of delay. The vertical red lines correspond to the delays at which the
spatial profile is presented in (a). The corresponding data points are indicated in red dashed circles in the figure. The gray shaded
horizontal region indicates the detection threshold by our interferometric technique, below which data becomes noisy. (¢) The red
dashed rectangles depict the variation in high-harmonic yield (normalized to the maximum) at different time delays. The black hollow
circles demarcate the same, but this time calculated from simulations that mimic experimental gas density conditions. The variation in
high-harmonic yield in (c) shows striking resemblance to the gas density curve presented in (b).

the timescale of gas density evolution. This implies that (d) The gradient in the number density [presented in

the interacting pulse sees a frozen gas density distribution  Fig. 2(b)], across the focal spot diameter of approximately

in the transverse plane. This ensures that the microscopic 300 wm can result in subtle effects like influencing the

emitter distribution across the focal spot, within the pulse =~ phase matching condition for the HHG. This can lead, for

duration during HHG are not evolving. example, to distortions in the XUV wavefront impacting
(b) The transit time of the intense laser pulse through  the focusability of the XUV beam [48,49], which is beyond

the gas-jet target (typically < 10 ps in our case) is also  the scope of the present paper.

negligible compared with the timescale of gas dynam-

ics. This ensures that the measured temporal snapshots of ~ The experimental results demonstrate that in the case of

the spatial distribution of gas number density does not = HHG it is essential to know the exact number density of

change during pulse propagation and, thus, can be uti-  the gas medium in a space-time resolved manner. In addi-

lized for macroscopic phase matching considerations in  tion, in order to optimize the harmonic yield one has to

HHG. synchronize the arrival of the generating laser pulse with
(c) Since the confocal parameter (approximately 49  the opening time of the valve and introduce an appro-

cm) is significantly larger than the medium length (approx-  priate relative time delay, depending on spatiotemporal

imately 1 mm) under our experimental configuration, we  characteristics of the gas jet under utilization.

are not limited by longitudinal variation of intensity and At this point, we would like to emphasize that the

the contribution of Gouy phase, associated with the spatial ~ monotonic nature of the HHG yield as a function of mea-
focusing of the fundamental laser pulse, to phase matching  sured gas-jet atomic density, as observed experimentally
is unimportant. and presented in Fig. 3(c), is not the case in general.
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In case of coherent light emission—like HHG—the gen-
erated photon flux scales quadratically with the number
of emitters under ideal conditions [50]. The resemblance
between the jet density [Fig. 3(b)] and the harmonic yield
[Fig. 3(c)] highlights the importance of phase matching, as
it manifests under our specific experimental conditions. A
close investigation of the correlation between the number
density data in Fig. 3(b) and the measurements in Fig. 3(c)
reveal that within our interaction regime the HHG yield
is almost proportional to the gas pressure. Phase matching
is a complex dynamical [51,52] process and the relation
between gas atomic number density and HHG yield is not
straightforward in the short pulse regime. In order to inves-
tigate further we undertake numerical simulations in the
following.

B. Numerical validation using 3D simulation

Direct measurement of the gas number density distri-
bution in the HHG interaction region is crucial not just
from the optimization of the high-harmonic source. Such
metrology also enables one to feed experimental measure-
ments into state-of-the-art simulation tools that are often
utilized to investigate the strong field interaction further.
In this case the numerical simulations can be performed in
a virtual experimental setup with initial parameters mim-
icking the real experimental conditions. This is important,
if one needs to reconcile experimental observations with
theoretical results and interpret the relevant physics in a
correct manner.

In our case, we undertake such an effort and use state-
of-the-art simulations where the gas-jet metrology data are
fed as input to simulate the harmonic yield. We note here
that the macroscopic effects such as plasma generation,
absorption, and refraction during propagation play a sig-
nificant part in the phase matching process and, hence,
cannot be neglected for calculation of the HHG yield. In
order to investigate the experimental results further, we
performed a series of macroscopic simulations using a 3D
nonadiabatic model, described in detail elsewhere [53—55].

As a short summary, the simulation is performed in three
self-consistent computational steps. Firstly, to analyze the
propagation of the linearly polarized electric field of the
fundamental laser pulse E(rz, ?) in the generation volume,
the nonlinear wave equation of the form

1 9E(r,0)

V2E(r, 1) —
(rz, 0 R

@ 2
C_2 (1 - neﬂ‘(rLa Z))E(rla t):

)

is solved [53]. In the previous equation ¢ is the speed
of light in vacuum, wq is the central angular frequency
of the laser field, and the suffix L in r; indicates that
this vector represents the coordinate in the frame with
respect to the laser axis (in contrast to the r scalar coor-
dinate described previously around the gas-jet symmetry

axis). The effective refractive index n.x(r;, #) of the excited
medium—depending on both space and time—can be
obtained by nef(ry, 1) = n + nal (rp, 1) — (w; (rp, 1) /2w)
[56], where I(r;, 1) = %eoclﬁ(rb 1)|? is the intensity enve-
lope of the laser field (note that in this expression the com-
plex electric field E(ry,?) is present [57]) and w), (r;,1) =
[n.(ry, t)e*/(mey)]/? is the plasma frequency. The plasma
frequency is well known to be a function of the electron
number density #.(rz,?), and its expression also contains
the electron charge e, the effective electron mass m, and the
vacuum permittivity €. Dispersion and absorption, along
with the Kerr effect, are thus incorporated via the linear
(n) and nonlinear (#,) part of the refractive index. Absorp-
tion losses due to ionization [58] are also included, while
plasma dispersion is estimated based on ionization values
in the last term of n.4(r;, f). The model assumes cylindrical
symmetry about the laser propagation direction z; (r, —
rr,zp) and uses paraxial approximation [56]. Applying a
moving frame translating at the speed of light, and by
eliminating the time derivative using Fourier transform .%,
Eq. (3) reduces to the explicit form

92 1 d 2iw AE(ry, zp, )
— +—— E(r,z1,0) — ——22 7~
<8r% + L BFL) (e, 21, @) c dzy,

2
- %j[(l — Heg(re, 20, E (e, 21, D] (4)

Equation (4) is solved using the Crank—Nicolson method
in an iterative algorithm [56]. The ABCD-Hankel trans-
form is used to define the laser field distribution in the input
plane of the medium [59,60].

In step two we calculate the single-atom response
(dipole moment D(¢)) based on the laser-pulse tempo-
ral shapes available on the complete (77,z;) grid, by
evaluating the Lewenstein integral [23,61]. The macro-
scopic nonlinear response Py (#) is then calculated by
taking the depletion of the ground state into account

[61,62] using Py (1) = naD(t)eXp|: — fioo w(t’)dz’:|, where

w(?) is the ionization rate obtained from tabulated val-
ues calculated using the hybrid antisymmetrized coupled
channels approach [63], showing a good agreement with
the Ammosov-Delone-Krainov model [64], and n, is the
atomic number density within the specific grid point
(rr,z1) [56,65].

In the third step we calculate the propagation of the
generated harmonic field £, (r;, t) using the wave equation

1 02E(r, 1)
c? o o

Pnl(t)

2 ®)

d2
V2E (1L, ) — Mo
with o being the vacuum permeability. Equation (5)
is solved in a manner similar to Eq. (3), but without

an iterative scheme (since the source term is known).
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The amplitude decrease and phase shift of the har-
monic field—caused by absorption and dispersion, respec-
tively—are incorporated at each step when solving Eq. (5)
by taking into account the effect of the complex refrac-
tive index on wave propagation. The real and imaginary
parts of the refractive index in the XUV regime are from
tabulated values of atomic scattering factors [66].

Figure 3(c) presents tbe simulated harmonic yield (black
hollow circles) as a function of the delay from the open-
ing of the valve. The gas-jet pressure for the simulation is
calculated from the number density variation in Fig. 3(b).
Both the HHG measurements and simulations show a
remarkable resemblance to the jet density variation mea-
sured with the interferometric technique. The measured
HHG spectrum in our conditions also matches well with
the simulated XUV spectrum (Appendix B). We note here
that, in our simulations, the single-atom response is cal-
culated within the strong field approximation formalism,
using the Lewenstein integral [23,24,61]. In this case,
the relative intensity of the HHG spectra and, hence, the
relative yield is calculated appropriately, but not in abso-
lute photon numbers. In order to calculate the absolute
conversion efficiency one would need to solve the time-
dependent Schrédinger equation in three dimensions for
the microscopic response, coupled with Maxwell’s equa-
tions to take into account the propagation effects. The
computational cost of such an implementation is tremen-
dously high, and it is far beyond the scope of the current
paper. In the simulations carried out here, we focus on
the relative HHG yield to compare with the experiments
and, for this purpose, this well-established computational
approach suffices.

The simulation method described above assumes radial
symmetry around the laser propagation axis. For the laser
spatiotemporal profile, we use the measured focal spot dis-
tribution and experimental laser-pulse duration in order to
mimic the real experimental conditions. For the gas-jet
atomic number density profile, we use the measured gas
jet number density profile along the axis of laser propa-
gation [peak densities as shown in Fig. 3(b)]. Thus, within
our numerical simulations, the influence of gas density gra-
dient across the laser focal spot [along the symmetry axis
of the gas jet as presented in Fig. 2(b)] is lumped into an
average value.

The simulations also revealed that under the circum-
stances that describe these experiments, transient phase
matching [67,68] limits efficient generation to the first half
of the short laser pulse. At the same time, due to mini-
mal reshaping of the pulsed laser beam, there are spatially
homogeneous phase matching conditions in the whole
interaction volume. This allows us to apply a simple model
[25] to explain the variation of the observable harmonic
flux in the absorbing medium. Specific details on this are
included in Appendix C. The analysis confirmed that with
the coherence lengths and absorption lengths involved, the

harmonic flux changes close to linearly with the change of
atom number density.

IV. CONCLUSIONS

On one hand, an interferometric gas density character-
ization was developed for underdense gas jets produced
from a high frequency (up to 5 kHz) cantilever piezo valve.
On the other hand, we show that the cantilever valve has
its characteristic dynamics while opening the valve result-
ing in the oscillation of the gas density as a function of
time. Using HHG from such a gas-jet target, we observe
a remarkable experimental correlation in between the gas
density and HHG yield. Our results have been corrob-
orated by sophisticated simulations that self-consistently
include both microscopic HHG and macroscopic propa-
gation effects under conditions mimicking the real exper-
imental scenario. Our results establish the feasibility of
utilizing cantilever-based high-repetition-rate gas valves
for HHG, emphasizing the importance of precise timing
control in order to access the proper gas density regime.
This also shows that appropriate time and space resolved
characterization and monitoring of such gas valves is an
important aspect for its application and reproducible per-
formance, which is easily achieved by properly managing
the synchronization of the gas jet with respect to the
arrival time of the laser. As demonstrated recently, a gen-
eral systematic improvement of the high-harmonic yield
can be achieved by choosing an optimal phase matching
regime on the pressure-medium length hyperbola [69,70].
For such optimization and model validation, the metrol-
ogy presented in this investigation would be an essential
prerequisite. The results are also important to a diverse
field of studies that can benefit from high-repetition-rate
gas jets, where the signature effects of the phenomena have
sensitive dependence upon the precise gas density profile
such as molecular or atomic quantum path interferometry
[71,72], ion spectroscopy from dilute plasma [73,74] spa-
tiotemporal [75] and equivalently spatio-spectral [49,76]
control of attosecond pulses, and in designing of gas-based
extreme-ultraviolet refractive optics [48], to name a few.
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(a) Nozzle geometry in the valve. The inset in the middle of the panel shows a zoomed image of the cylindrical gas outlet of

ACPV3 [77] and the rightmost panel shows the inside geometry of the nozzle with a length of 5 mm and orifice diameter of 500 pwm.
(b) Ambient pressure variation in the interferometric chamber, where density measurements are performed, presented for the case of
gas jet fires at 0.5 Hz and data acquisition from the pressure gauge is made at 17 Hz. (¢) Ambient pressure level in the SYLOS GHHG
compact beamline as a function of repetition rate of the gas-jet target upto 1 kHz. The white shaded region below 10~ mbar level

represents the base vacuum level in the beamline.

APPENDIX A: AMBIENT CHAMBER PRESSURE
AND OPERATIONAL FEASIBILITY AT HIGHER
REPETITION RATE

In all our experiments we use the cylindrical nozzle
geometry as shown in the Fig. 4(a). For the interferometric
measurements, we monitored the ambient vacuum level
during the nozzle operation. Figure 4(b) shows the peri-
odic variation of the pressure level due to the gas load
introduced by the gas valve into the chamber. In this case,
to capture this variation in detected pressure, we run the
nozzle at approximately 0.5 Hz and acquire data from the
pressure gauge at approximately 17 Hz. The pressure level
fluctuates in the range of approximately 10~°—10~° mbar.
We did the ambient pressure measurement with increas-
ing repetition rate of the nozzle in the SYLOS GHHG
compact beamline at ELI-ALPS. The gas load data are pre-
sented in Fig. 4(c). In this case each data point represents
the maximum pressure level reached under stable oper-
ation of the gas valve. In Fig. 4(c) the circles represent
the measured values and “Rn” represents the data point
when the repetition rate is “n” (n = 10, 50, 100, 500, 1000)
Hz. This shows that in the beamline even at 1 kHz the
ambient pressure level stays below a few times 10~
mbar.

The data shows that in the case of Ar gas one can main-
tain a high-vacuum level for the generation chamber of the
beamline, even when the valve is backed with a relatively
high (3.5 bar) pressure. The data in general would depend
on the pumping rate and the specific design of the vacuum
chambers and, thus, can be improved further.

APPENDIX B: TYPICAL HHG SPECTRA FROM
EXPERIMENT AND SIMULATION

In the main text the presented XUV photodiode mea-
surement represents the yield within the 200 nm Al filter
transmission window. Under typical experimental condi-
tions presented in the paper, we also measured the HHG
spectrum. One such representative spectrum for Ar gas is
presented in Fig. 5. The HHG spectrum obtained from our
numerical simulations are presented in the same plot.

We note that in our numerical simulations the single-
atom calculations are performed based on the Lewenstein
integral and it does not take into account properly the
Cooper minimum [72], near which we see a dip in the
Ar HHG spectra and it is this region where the simulated
spectrum overestimates the experimental measurement.
Nonetheless, for the yield, the maximum contribution is
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FIG. 5. Measured and simulated high-harmonic spectra in Ar
gas. Both the spectra are normalized with respect to the max-
imum harmonic intensity around 25 eV. The spectra show that
most of the HHG is occurring between 2540 eV.

coming from the region between 25 to 40 eV as expected
from the qualitative estimates in the previous section.

APPENDIX C: DISCUSSION ON THE SIMPLE
MODEL REPRODUCING THE xuv FLUX
DEPENDENCE WITH PRESSURE

Constant et al. [25] developed a simple model for opti-
mization of high-harmonic flux S. This model leads to the
formula [26]

44* 1
S = ?TR(Z) [1 +exp(—2L) —2cos (RyL)exp (—L)],
(CD)

where A is the single-atom signal strength, o is the pho-
toionization cross section, L = Lyedq/(2Laps) is medium
length L,q normalized to twice the absorption length L,
and Ry = 27 Laps/ Lcon 18 €xpressing the ratio of the absorp-
tion and coherence lengths (Lcon). Apart from medium
length, all quantities in Eq. (C1) depend on the harmonic
order g. The most important property of this expression
[Eq. (C1)}—and what makes it easy to use it for optimiza-
tion of the harmonic signal—is that the flux depends only
on three parameters: the coherence length L, the absorp-
tion length L, and the medium length L. This way a
single plot gives all the guidance necessary to optimize the
high-harmonic yield (see Fig. 6, or Fig. 1 of Ref. [26]). The
goals of the present section are as follows.

(a) To describe the way we use this analytical model to
explain the observation in our experiments that the high
harmonic flux is proportional to the medium pressure in
the gas-jet target.

0.0
0.0 0.5 1.0 1.5 2.0 2.5 3.0
L (medium length in units of 2L 4¢)

FIG. 6. The harmonic flux S normalized to the absorption-
limited maximum flux Sp., = 44%/02 as a function of medium
length L = Lieq/(2La0s) for different ratios of the coherence
and absorption lengths, defined by Ry = 27 Laps/Leon [26] [see
Eq. (C1) and related text for explanation]. The values in paren-
theses in the legend refer to the photon energies to which the
specific curves correspond to in the experimental case described
in the paper. The rectangle on each curve is the point correspond-
ing to 2 x 10'® 1/cm® atom number density; see details later in
text.

(b) To detail our method to extract the Lcon, Laps, and
Lmeq parameters from experimental data and macroscopic
simulations in order to apply with Eq. (C1).

Obtaining the coherence length L., is a crucial and
relatively complex task, as phase matching depends on
multiple factors, and through the relation [50]

Leon = /A, (C2)

coherence length also does. The total phase mismatch Ak
in Eq. (C2) is usually written as the sum of four factors
[50],

Ak = Akg+ kg + Ak, + Aky, (C3)

representing the phase mismatch due to dipole and geo-
metric phases, along with neutral and plasma dispersion,
respectively [26,50]. Typical values of these phase mis-
match terms for the current scenario are presented in Fig. 7,
while calculation details are given below.

The dipole-induced phase mismatch Ak, was calculated
using Eq. (6) of Ref. [50],

d1(z)
0z

Aky=a—2, (C4)
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The four phase mismatch terms of Eq. (C3) in the order of lowest to highest contribution to total phase mismatch for the

studied scenario. (a) The dipole phase related phase mismatch term Ak, for long trajectories as a function of photon energy at 1-mm
distance from focus. The inset shows the distance dependence of this factor for 30 eV. (b) The geometric phase related phase mismatch
term Ak, as a function of photon energy. The plot clearly shows the linear increase with photon energy (harmonic order; see text for
details). (c¢) The neutral dispersion related phase mismatch term Ak, as a function of photon energy for the highest atom number
density relevant for the studied case, 2 x 10'® 1/cm®. (d) The plasma dispersion related phase mismatch term Ak, as a function of
photon energy for 2 x 10'® 1/cm? number density and 5% ionization rate.

with the textbook expression of on-axis intensity variation
1(z) of Gaussian beams, giving

al(z) 212z
9z LR+

(C5)

We applied the peak intensity of Iy = 3.3 x 10'* W/cm?
and Rayleigh length of Lz = 260 mm, both values origi-
nating from the macroscopic simulations. The dipole phase
coefficient o was extracted from Ref. [72], having a typ-
ical value of approximately 40 x 10~!* ¢cm?/W for long
trajectories, while an order of magnitude lower for short
trajectories [78], the latter of which usually dominate the
HHG signal. The plot in Fig. 7(a) shows the result for long
trajectories at a 1-mm distance from focus [with its value
being zero in focus changing linearly with the distance
from focus within the relevant distance range; see inset of
Fig. 7(a)]. Here Ak, has only a weak dependence on har-
monic order g (or photon energy) through the variation of
o = a(q) [50,72].

Because of the small interaction distance (<1 mm) com-
pared with the Rayleigh length of the focused beam (Lz =

260 mm), the geometric phase induced mismatch term is
constant over the interaction length [50], showing a lin-
ear dependence with harmonic order ¢ according to [see
Eq. (5) of Ref. [50]]

q
My ==, (C6)
as can be seen in Fig. 7(b).

Neutral dispersion also causes phase mismatch, Ak,
which depends on the refractive index of the generation
medium at the wavelength of the generating field and the
generated XUV according to Eq. (7) of Ref. [50], that is,

Ak, = q%(m —n,), (C7)

where w; = 2mc/A is the central angular frequency of the
laser field and c is the speed of light in vacuum. The refrac-
tive index n; for the central wavelength of A = 830 nm
was obtained from Ref. [79]. In the case of XUV pho-
ton energies, the refractive index n, was calculated based
on expressions in Ref. [66] using atomic scattering form

054048-11



BALAZS NAGYILLES et al.

PHYS. REV. APPLIED 20, 054048 (2023)

factors from the National Institute of Standards and Tech-
nology (NIST) [80]. In case of both refractive indices, n,
and ny, it stands that (n — 1) ~ p, that is, their difference
from 1 is proportional to the number density. The result-
ing phase mismatch is plotted in Fig. 7(c) as a function
of photon energy for the highest number density involved
in this study, p =2 x 10'"® 1/cm® (see the density val-
ues at z = 400 pwm distance from the nozzle orifice, where
the laser beam propagates through in Fig. 2 or Fig. 3).
The ionization—and the plasma generated—is a key factor
tuning phase matching through the term Ak,. This phase
mismatch term was calculated using Eq. (8) of Ref. [50],
which reads as

Ak, = qa)1

7(11? —np), (C8)
defined by the plasma refractive index ny = /1 — Ne/N.,
where N, = I'p is the number density of free electrons (I"
being the ionization ratio and p the atom number density).
The photon energy dependence of plasma refractive index
appears through the critical density N, = ggmw?/e* (with
vacuum permittivity &g, electron mass m, electron charge
e, and angular frequency w). The resulting values of Ak,
are plotted in Fig. 7(d) as a function of photon energy for
p =2 x 10'® 1/cm? density and an ionization ratio of I' =
5% (this choice of ionization ratio will be explained later).
This phase mismatch term is proportional both to density
and ionization ratio [26], that is, Ak, ~ pI" (see explicit
expressions for both Ak, and Ak, in Ref. [26]).

The most important observations related to the phase
mismatch terms in Fig. 7 are the following. As is known,
dipole and geometric phase related terms are independent
of the number density of atoms, while the other two are
proportional to it [26]. Also, the two density-independent
terms are orders of magnitude lower than the density-
dependent terms in our current conditions, reaching com-
parable values only when the pressure in the medium is
<5% of the peak value (cf. phase mismatch values in
Fig. 7, which will also be confirmed later). This means that
the total phase mismatch Ak of Eq. (C3) will be propor-
tional to the density p for a pressure range where there
is relevant harmonic flux, and according to Eq. (C2) the
coherence length will be inversely proportional to the den-
sity: Leon ~ 1/p. It is worth noting additionally that, for
the ionization rates involved, the plasma related term Ak,
is an order of magnitude higher even compared with the
Ak, term, meaning that ionization is dominating the phase
matching conditions in these experiments.

Although certain phase mismatch term(s) dominate(s)
the macroscopic flux, we calculated the coherence length
taking into account all Ak terms in Eq. (C3), and plotted
it in Fig. 8(a) as a function of number density for differ-
ent photon energies. The shape of all curves in Fig. 8(a)
confirm that the neutral and plasma dispersion (especially

the second) dominate the coherence length, as they show
Leon ~ 1/p dependence.

As is known, the absorption length L,y only depends on
the medium through the material-specific photoionization
cross section o and the medium density p according to [25]

Lans = 1/0p. (C9)

Photoionization cross sections in the XUV can be
obtained from measured atomic scattering form factors
(for example, from the NIST database [80]) similarly as
described in Ref. [26], giving the photon energy depen-
dence of 0. Corresponding absorption lengths as a function
of atom number density (in the density range relevant for
the cases in the main text) for different photon energies
are plotted in Fig. 8(b), showing the expected variations:
the absorption length decreases with the increase of both
number density and photon energy.

The fact that both L., and L,,s are inversely propor-
tional to the number density is of key importance when
analyzing the flux using the model of Constant et al. [25]
in the current scenario. Since the ratio of these two param-
eters, Lcon/Labs, 1S independent of pressure, the number
of variables in the Constant model can be decreased to
two from three. This practically means that the pressure
dependence of XUV flux at a certain photon energy can
be studied by analyzing the shape of one single curve in
the plot of Fig. 6. The photon energy to which each curve
corresponds to (in the studied experimental case) is indi-
cated in parentheses in the legend of Fig. 6. Also, since the
absorption length is inversely proportional to the medium
pressure, changing the pressure simply means a different
value of medium length L = Lyeq/2Laps on the horizontal
axis of Fig. 6. Since a pressure increase means a decrease
of absorption length, for a fixed medium length (like in
our case), pressure increase means a higher value of L.
Since the medium length in our case is in the range of
Lieq = 400 pm, the value of L has an upper limit of L < 3
based on absorption lengths plotted in Fig. 8(b). In Fig. 6
the rectangles on each curve indicate the value L that cor-
responds to p =2 x 10'® 1/cm?. Lower pressures mean
smaller values of L.

Figure 9(a) shows the spatiotemporal profile of the gen-
erated attosecond burst in the detection plane calculated
with the macroscopic model. It can be seen that there are
two half-cycles in the time window that reach the detec-
tor and are dominant. These are located between —0.75
and —0.25 optical cycles (o.c.) in this moving time win-
dow fixed to the middle of the pulse [see green rectangle
in Fig. 9(a)]. In Fig. 9(b) the on-axis temporal evolution of
the laser electric field and corresponding ionization ratios
are plotted in the same time window for the two ends of
the generation medium. As can be see, the laser electric
field is minimally reshaped during propagation through
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(a) Coherence length L, as a function of Ar atom number density for different photon energies calculated using Eq. (C2)

and the phase mismatch values plotted in Fig. 7. (b) Absorption length L,,s in Ar as a function of atom number density for different

photon energies in the XUV calculated using Eq. (C9).

the medium, and corresponding ionization rates also dif-
fer only by a few percent. As a result, the assumption
of the simple model that the single-atom response A4 is
constant throughout the generation volume holds for this
experimental case. The most important information avail-
able from Fig. 9(b) is that the time window from which
the dominant part of the high-harmonic field originates is
the same in the whole generation medium, and in this time
window the ionization ratio is in the range of approxi-
mately 5-10%. This is the reason for the ionization rates
applied when calculating the phase mismatch term Ak,
in Fig. 7(d). This few percent ionization level matches
approximately (in our case the ratios being slightly higher)
the well-known property that best phase matching is possi-
ble in case of low ionization levels considering traditional
phase matching scenarios [50]. It also explains why those
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certain attosecond bursts are dominant: in half-cycles that
are before —0.75 o.c. the signal is lower because of a lower
number of photons (see the rate of ionization level change
that is related to the number of photons emitted). Addi-
tionally, in half-cycles after —0.25 o.c., a large number of
photons are generated (bigger changes in ionization level
in Fig. 9), but due to high ionization levels the coherence
lengths are shorter, phase matching is worse compared
with the [—0.75, —0.25] o.c. temporal window.

The main conclusions of this analysis are plotted in
Fig. 10. Figure 10(a) confirms the assumption that, for the
relevant pressure range, the value of R is independent of
pressure, and a single curve of Fig. 6 describes the flux
for a certain harmonic. In Fig. 10(b) the harmonic flux as
a function of Ar atom number density is plotted for dif-
ferent photon energies. This plot is basically rescaling the

(b) 60
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(a) The spatiotemporal distribution of the high-harmonic field in the detector plane. The time axis is in units of optical cycles

corresponding to the central wavelength 830 nm of the laser field, that is 2.77 fs. The green box indicates the two dominant attosecond
bursts. (b) The on-axis temporal evolution of the laser electric field at the beginning (“initial”) and end of the generation medium
(“final”) and the corresponding time evolution if ionization rates. The green box indicates the same time window as in (a), the dashed

line shows corresponding ionization rates.
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(a) The Ry parameter defining the ratio of coherence and absorption lengths as a function of atom density for different

photon energies, obtained from values plotted in Fig. 8. (b) The harmonic flux as a function of atom number density calculated using

the simple model of Constant et al. [25,26] [see Eq. (C1)]. The R,
medium length is Lyeq = 400 pm.

curves of Fig. 6 between L = 0 and L indicated by the
rectangle on each curve in Fig. 6 according to how L
changes with p for the specific photon energy. Actually,
to obtain these curves the coherence and absorption length
values were calculated similarly as for Fig. 8, and used in
Eq. (C1), applying a medium length of Lyeq = 400 wm.
The curves of Fig. 10(b) show proportionality of harmonic
flux with medium pressure, with slight saturation towards
the higher densities. The plotted flux also shows what
was observed in the macroscopic simulations and exper-
iments: the phase matching conditions are the best—and
the flux is highest—for photon energies between 25
and 40 eV.
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