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High-order parametric generation of
coherent XUV radiation: supplemental
document

This document provides supplementary information to “High-order parametric generation of coherent
XUV radiation.” In the following, we offer additional experimental results to support the conclusions in
the main text and to demonstrate the robustness of the parametric process. Technical details of the
experimental setup and simulation are also provided.

1. EXPERIMENTAL SETUP

To perform the experiment we used a chirped-pulse amplification (CPA) based Ti:Sapphire laser chain
delivering multi-mJ TW pulses of 45 fs duration centered at 810 nm at a repetition rate of 10 Hz. The
beam was spatially filtered by a hollow core capillary. The Strehl ratio was measured by a wavefront
sensor (HASO) giving the value of 0.95. The collimated IR beam with w = 10 mm radius at 1/e2 was
clipped by an iris of 22 mm diameter before being focused by a mirror of focal length of 2 m into a gas

jet with a focus spot of w = 73 ;m radius at 1/e* (corresponding to a Rayleigh length of 21 mm). Note
that this generation geometry favors the detection of the short quantum trajectory only. The nozzle of
the gas jet is 250 um in diameter leading to a 0.8 mm medium length in the laser interaction region.
The back pressure of krypton gas was around 3 bars. Estimates for the medium length (0.8 mm) and for
the pressure in the interaction zone (100 - 150 mbar) have been done within a gas density
measurement technique similar to [1].

The generated XUV radiation was then spectrally and spatially resolved by a flat field spectrometer
consisting of 0.5 mm entrance slit imaged by a 3° grazing-incidence Hitachi concave grating (1200
gr/mm) onto 40-mm-diameter dual multi-channel plates (MCP) coupled to a phosphor screen. The
resolution of the spectrometer is estimated to be 0.26 eV for HH21, 0.27 eV for HH31 and 0.33 eV for
HH43. The XUV signal is therefore measured behind the slit that is centered on the beam axis. All data
presented are only corrected from background signal of the detector. The horizontal continuous line in
the lower part of the krypton and argon spectra is caused by a diffusive reflection of low harmonic
orders in a vacuum tube between the XUV grating and the MCP detector and therefore has no
significance for the results.

In such conditions the XUV radiation is generated in a loose-focusing regime where the generating
medium is much thinner than the Rayleigh range of the driving beam. One should note that the XUV
signal is high enough to acquire the spatially resolved spectra on a single-shot basis (see Figures S3 and
S6), although for better statistics the presented spectra were acquired as 10 shots average.

We stress that using loose focusing and spatially filtered beam together with acquiring highresolution
spatially-resolved spectra with wide spectral range facilitate greatly the recognition of such phenomena
as HPG rather than HHG.

The values of IR pulse intensity are estimated for vacuum (linear) propagation of the laser beam.
During the laser pulse propagation in the medium, when the gas is ionized, the rise in intensity is not
directly corresponding the vacuum propagation case due to the plasma defocusing and the peak
intensity can even decrease.

2. SIMULATION DESCRIPTION

The microscopic response is calculated via numerical solution of the 3D time-dependent Schrodinger
equation (TDSE) for a model single-active electron atom in external field. This microscopic polarization is
used in the propagation equation to calculate the macroscopic response. However, the full numerical
integration of the 3D propagation equation is very heavy. Consequently, we split it into two parts. Within
the first part we study the THz field generation near the beam axis, using very high peak intensities
achieved on axis in our experiments. In contrast to majority of the studies of the THz field generation, we
focus on the THz field inside the generating medium. We solve the 1D propagation equation:



0E,(2) 2w
=- P,(2),

0z c
where E, is a field slowly-varying spectral amplitude at the frequency w, P, is the slowly-varying
spectral amplitude of the polarization of the medium which is proportional to the gas density and the
single-atom response calculated via 3D TDSE (the numerical approach for the TDSE solution is
described in [2]). The equation is solved numerically by a slice-by-slice propagation: the field found at
an n"slice is used in the TDSE solution to calculate the polarization and thus the field at the next (n+1)th
slice (the details of the numerical approach for the propagation equation integration are described in
E])B

In these calculations we find that the THz radiation with frequencies of about 20 — 30 THz can be
efficiently generated in our conditions.

At the second stage of our calculations we study XUV generation in the laser and THz field. Complete
simulation of our experimental conditions exceeds our numerical capabilities, so we deal with shorter
propagation distances, lower harmonic orders and the THz field with somewhat higher frequency of
2/17w,. Moreover, we consider the laser intensity that is lower than at the beam axis, taking into
account that the periphery of the laser beam with such a level of intensity has relatively high volume
and that such intensities are favorable for HHG.

Note, that our approach of the macroscopic response calculation based on polarization calculated via
TDSE solution is exact (within 1D propagation and single-active electron approximation), so it includes
processes of HHG, high-order frequency mixing, HPG, plasma blue shift of the generating and
generated waves, and so on.

3. XUV SIGNAL PRESSURE DEPENDENCE

The evolution of the XUV spectra as a function of generating medium pressure was acquired via
changing the delay time between the driving pulse and the nozzle opening time. The zero delay
denotes the optimal time synchronization used for acquisition of data presented in Figures 1-3 in the
main text. The positive delay means that the nozzle opens after the optimal time, meaning that the gas
has not yet fully reached the interaction zone and the driving laser pulse interacts with lower gas
pressure. In the negative delay the laser pulse interacts with the lower gas pressure because the nozzle
is closing and the gas jet is already spreading into the vacuum chamber. In such a way, one can
effectively and accurately change the gas pressure in the interaction zone. The experimental results
were acquired using the driving laser intensity 3.5 x 10" Wem~2in the same conditions as for Figure 1
in the main text and are presented in Figure S1 for several delays.

Figure S1 presents the evolution of the HHG and HPG signal in the regime of high intensity, making
the HH peaks very blue-shifted and spatially irregular as discussed in the main text. The HPG signal rises
when the time synchronization approaches the optimal value. However, neither the RSS beam shape
nor the spectral frequency depend on the gas pressure.

4. XUV SPECTRA GENERATED IN VARIOUS GASES AND INTERACTION GEOMETRIES

Figures S2 - S6 present the experimental spatially-resolved XUV spectra generated in various gases and
interaction geometries to demonstrate the robustness of the HPG signal in different experimental
conditions. The y-axis represents the spatial divergence in mrad and the colorbar indicates spatio-
spectral intensity (in arbitrary units). The photon energy qw, of the HH are presented by the solid white
lines, while the photon energy of the RSS given by Equation (1) are shown by dashed lines.

We present XUV spectra generated in krypton, argon and neon jets. Figures S2 - S5 present only
harmonic orders of 21 - 47 while similar characteristics of the XUV radiation are shown for low orders
of 17 - 21 in Figure S6. Higher orders than 47 are not directly detectable due to the geometry of the
XUV spectrometer.

Figure S2 expands the dataset shown on Figure 1 in the main text comparing the spatiallyresolved
XUV spectra for more values of driving laser intensity.

Figure S3 shows the XUV spectrograms generated in argon jet in similar experimental conditions to
Figure S2 and Figure 1 in the main text but with lower driving laser intensity.

Figure S4 shows the XUV spectrograms generated in neon jet in the same experimental conditions as
Figure S2.



Figure S5 shows the XUV spectrograms generated in krypton jet with lower driving intensity
corresponding to the gas jet position 15 mm after the focal spot. Other experimental conditions are
similar to those in Figure S2.

Figure S6 shows the XUV spectrograms generated in argon jet in similar experimental condi-
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Fig. S1. Experimental spatially-resolved XUV spectra generated in krypton jet. The y-axis represents the
spatial divergence (in mrad) and the colorbar spatio-spectral intensity (in arbitrary units). The photon
energies qw, of the HH are presented by the solid white lines, while the photon energies of the RSS
given by Equation (1) with the parameters Q = 27 and m = -2 are shown by dashed lines. The driving
laser intensity is 3.5 x 10" Wem~—?and the pulsed valve opening is delayed by (from a to h) -30, -20, -10,
0, 10, 20, 30 and 40 us to change the gas pressure.
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Fig. S2. Experimental spatially-resolved XUV spectra generated in a krypton jet. The parameters of
Equation (1) are Q = 27 and m = -2. The driving laser intensities are 0.15, 0.38, 0.71, 1.1, 1.6, 2.1, 2.5,
2.9,3.2and 3.5 x 10”° Wem~*from a to .
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Fig. S3. Experimental spatially-resolved XUV spectra generated in argon jet. The parameters of Equation
(1) are Q = 27 and m = -2. The driving laser intensities are 0.09, 0.15, 0.25, 0.38, 0.53,0.91, 1.1, 1.6, 1.8
and 2.3 x 10" Wem~ from a to j
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Fig. S4. Experimental spatially-resolved XUV spectra generated in neon jet. The parameters of Equation
(1) are Q = 25 and m = —4. The driving laser intensities are 0.38, 0.71, 1.1, 1.6, 2.1, 2.5, 2.9, 3.2, 3.4 and
3.5 x 10" Wem~from a to j
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Fig. S5. Experimental spatially-resolved XUV spectra generated in krypton jet located 15 mm after the
focal spot. The parameters of Equation (1) are Q = 27 and m = -2. The driving laser intensities are 0.12,
0.29, 0.55, 0.87, 1.2, 1.6, 2.0, 2.5, 2.65 and 2.7 x 10" Wcm~>from a to j.
tions to Figure S2 but the spectrometer was set to detect harmonic orders 17 - 21. Therefore, it is
complementary spectral range to Figure S3.

Overall, these observations show that the HPG process is robust and occurs in many different
experimental conditions, once the laser intensity is high enough.
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Fig. S6. Experimental spatially-resolved XUV spectra generated in argon jet. The parameters of
Equation (1) are Q = 27 and m = —2. The driving laser intensities are 0.09, 0.25, 0.71,0.91, 1.1, 1.4, 1.8,
2.5,2.7and 3.1 x 10° Wem~*from a to .
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