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Abstract:  We study two-color high-order harmonic generation in Neon
with 790nm and 1300nm driving laser fields and observe an extreme-
ultraviolet continuum that extends to photon energies of 160eV. Using a
6-mm-long, high pressure gas cell, we optimize the HHG yield at high
photon energies and investigate the effect of ionization and propagation
under phase-matching conditions that alow us to control the temporal
structure of the XUV emission. Numerical simulations that include the
3D propagation of the two-color laser pulse show that a bright isolated
attosecond pulse with exceptionally high photon energies can be generated
in our experimental conditions due to an efficient hybrid optica and
phase-matching gating mechanism.
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1. Introduction

High-order harmonic generation (HHG) is a unigue technique allowing the generation of bursts
of ultrashort extreme-ultraviolet (XUV) light. These pulses provide a way to study ultrafast
electronic processes in matter on their natural time scale down to the attosecond regime [1, 2].
So far, these studies have been, to alarge extent, limited to photon energies below 100eV. To ex-
plore inner-shell processes, such as core-shell ionization and Auger emission [3], higher photon
energies are necessary. Our current knowledge of inner-shell processes derives primarily from
synchrotron experiments, where the pulse durations are too long for time-resolved studies. In
contrast, free-electron lasers have pulse durations in the femtosecond range [4] and photon en-
ergies up to the keV range [5], but their large timing jitter [6] and shot-to-shot fluctuations [7]
make so far pump-probe experiments challenging. Therefore, HHG schemes capable of gener-
ating stable ultrashort XUV or X-ray pulseswith photon energies above 100eV at high intensity
are desirable, since these sources allow the implementation of pump-probe configurations with
ultimate time resol ution.

Recently, HHG X-ray sources have been developed using long-wavelength drivers [8-10].
While the scaling of the ponderomotive energy with .5 A2 creates the opportunity for gen-
erating keV photon energies, this approach suffers from the 2 =6 scaling law of the conversion
efficiency of the HHG for a”single” atom with the driver wavelength [11]. An improved ef-
ficiency can be achieved in a hollow-core waveguide in which phase-matching (PM) is main-
tained for a long propagation length and high gas pressure. A scheme was as well proposed
to extend the phase-matching process to shorter X-ray wavelengths by using the deformation
in the electric field of an intense few-cycle laser pulse induced by ionization [12]. Another
approach is to apply two-color schemes, where one color is centered around 800nm and the
other color isin the mid-infrared (MIR), typically between 1.2um and 1.6 um [13-17]. The-
oretically, it was predicted that the harmonic conversion efficiency scales as A3 to A% in
such a two-color configuration [18]. These studies also demonstrated that two-color schemes
enable the generation of continuous XUV spectra. When Kr and Ar were used as target me-
dia[14,16,17], mainly harmonics below 100€V were generated, whilein Ne [15] photons ex-
ceeding 200eV were reported, albeit with only 100 photons/eV/shot at photon energies above
120eV. With so few photons, photoel ectron and -ion spectroscopy in dilute systemsis extremely
challenging. Theoretical proposals have been made to use heterodyne mixing of two infrared
fields with incommensurable wavel engths to drive the generation of isolated bursts of XUV/X-
ray light [13,19-21]. An experimental realization of this idea was recently demonstrated [22]
showing the possibility to generate isolated attosecond pulses (IAP)with unprecedented peak
power around 30 €V photon energy.

In the present study, we investigate and optimize HHG in Neon exploiting a two-color
scheme with driving laser pulses centered at 790nm and 1300nm. A significantly higher flux
with respect to the experiment reported in [15] is achieved by increasing the number of emit-
ters using a more than three times longer focal length and a long gas cell filled at a relatively
high pressure. We observe the generation of anearly flat soft X-ray continuum between 70 and
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160eV. Numerical simulations reproduce the measured spectra and indicate the presence of a
bright AP due to efficient hybrid optical and phase-matching gating.

2. Experimental setup

The experiments were performed using a Ti:sapphire laser with a central near-infrared (NIR)
wavelength of 790nm, a pulse energy of 35mJ and a pulse duration of 32fs, operating at a
repetition rate of 50Hz [23]. 25 mJ of the pulse energy was coupled into a commercia high
conversion optical parametric amplifier (HE-TOPAS-prime) in order to generate up to 4mJ of
MIR light at a wavelength of 1.3um. Up to 6mJ of the remaining pulse energy was used as
the fundamental driver for the HHG process. The NIR and MIR pulses were combined using a
45° dichroic mirror and focused into a 6 mm long gas cell statically filled with Neon. For the
focusing, a spherical mirror with a 50 cm long focal length was used. The delay of the NIR
pulse with respect to the MIR pulse was adjusted by a computer-controlled motorized delay
stage, and the polarization of the two beams was set parallel. To achieve similar focus sizes for
both beams, the MIR beam waist diameter was adjusted using a telescope, resulting in a beam
waist of 50um for both beams. The NIR and MIR pulse durations on target were estimated to
be 50fs, full-width-half-maximum. After the HHG conversion process, a Zr filter was used to
block the remaining NIR and MIR pulses, while harmonics between 70 eV and 200 eV were
transmitted. A concave grating with a variable-line-spacing was employed to disperse the XUV
beam towards a multichannel plate/phosphor screen assembly, where spectra were recorded
with a CCD camera.

3. Results

3.1. Experimental results

Single-color high harmonic spectra recorded experimentally in Neon atoms for both driving
wavelengths separately, i.e. for 790nm and 1300nm, are shown in Fig. 1(a). The laser pulse
parameters, cell position and gas pressure were optimized in both cases to generate a maxi-
mum harmonic yield. An important issue in HHG with longer-wavelength driving fields is the
strongly reduced single-atom response, which generally results in a much lower high harmonic
yield. For instance, in our experiment, the signal obtained below 100 eV with the 1300 nm
driving pulse is two orders of magnitude lower than the corresponding yield obtained with
the 790 nm field, as shown Fig. 1(a). However, the cut-off in the 1300 nm spectrum near 210
eV istwice as high as the cut-off in the 790 nm spectrum. One-color HHG using MIR pulses
was previously optimized by working at high gas pressures (up to 35 bar) in a long hollow
waveguide geometry [8]. In that experiment, the large number of atoms taking part in the HHG
process partially compensated for thelow single-atom response. Moreover, the large Kerr-effect
and plasma generation at high gas pressure was responsible for a self-confinement of the laser
beam as it propagated through the medium, which alowed to maintain the PM over a long
propagation length [8], and therefore to enhance the HHG yield.

In our experiment, HHG takes place inside a gas cell, i.e. in a non-guiding geometry. How-
ever, self-confinement of the laser beams due to Kerr-effect and plasmageneration is anticipated
in our experimental conditions, i.e. when combining a long gas cell, a high gas pressure and
high intensity of the laser pulses. Together with the favorable scaling of the HHG yield with
a two-color laser field described in [18], a good conversion efficiency is therefore expected.
The harmonic spectrum recorded upon use of two-color 790 nm and 1300 nm laser pulsesis
displayed in Fig. 1(a). An extended cut-off with respect to the 790 nm case, as well as a signif-
icantly increased efficiency with respect to the 1300 nm case in the 100 €V - 160 eV range are
observed. Altogether, the two-color HHG using the combination of a high gas pressure and a
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Fig. 1. (@) Experimental high harmonic spectra recorded using a 790 nm NIR laser field
with a 5- 10 W/cm? peak intensity (red circles), using a 1300 nm MIR laser field with
a6- 101 W/cm? peak intensity (blue circles) and a two-color NIR+MIR laser field with a
5.10™ W/cm? peak intensity for both pulses for atemporal delay of O fs (black circles). All
spectra are normalized to the HHG signal generated by the 790 nm pulse. The solid curves
are simulated HHG spectra using the 3D model obtained for: a 790 nm NIR laser field
with a7-101W/cm? peak intensity (red), a 1300 nm MIR laser field with a7- 1014 W/cm?
peak intensity (blue) and a two-color laser field with a 7- 10 W/cm? peak intensity for
both pulses (black). The gas cell pressure was 500 mbar in all calculations. (b) Pressure-
dependent high harmonic yield recorded experimentally for the two-color laser field. (c)
Pressure dependence of single-color (800 nm) HHG, calculated using the 1D model in [24],
assuming a 0.8% ionization rate, a cell placed 4 mm before the focus, and a single-atom
response with a plateau up to 105 eV, decreasing exponentially in the cut-off.

6-mm-long gas cell allows for the generation of a continuum between 70 eV and 160 eV, with a
yield that for photon energies below 100 eV isonly reduced by afactor of 3 with respect to the
harmonic yield obtained with the 790 nm pulse only. To estimate the HHG flux generated in our
experimental conditions, the HHG beam was focused into agasjet containing xenon atoms and
the electron yield resulting from single-photon ionization was recorded. Using known cross-
sections for the photoionization of xenon, we estimated that 107 photons/eV/pulse and almost
10° photons/eV/s were generated, representing an improvement of two to three orders of mag-
nitude in comparison to the results reported in [15].

The optimum conversion efficiency in the two-color HHG was found at 500 mbar [Fig. 1(b)],
which is significantly higher than the pressure used in conventional HHG schemes at 790nm,
that use relatively low incident pulse energies. Thisresult is well reproduced by a single-color
1-dimensional (1D) model where the PM between the 790 nm pulse and the generated XUV
components was investigated on axis [24] [Fig. 1(c)]. For an ionization rate of 0.8%, which
corresponds to the ionization level obtained from our more extensive 3D model for the laser
intensity used in the experiment (detailed in the next section), the phase mismatch associated
with the plasma dispersion and the Gouy phase shift cancel the phase mismatch associated
with the neutral dispersion, and thus minimizes the phase mismatch between the NIR and the
generated soft X-ray pulses.

Weinvestigated the effect of changing the intensities of the two laser fields while keeping the
same conditions for all the other parameters. The results are shown in Fig. 2, where two-color
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Fig. 2. Two-color HHG spectrarecorded in a 6- mm-long cell filled with Ne at a pressure of
500 mbar. Top row: delay scans, where at negative delays the NIR pulse precedes the MIR
pulse. Middle row: spectra sampled at -100 fs delay, i.e. NIR-only spectra (red) and at zero
delay, thus displaying the longest cut-off extension (black). Bottom row: simulated spectra
obtained with the 3D model. The two columns correspond to different combinations of
(NIR, MIR) intensities. Left column (5 10 W/cm?, 1.5 10* W/cm?), right column (4.5
101 wicm?, 5 101 Wicm?).

delay scans (top panel) and selected spectra recorded well before and at time overlap (middle
panel) are presented for two different intensity combinations of the NIR and MIR laser pulses.
For the lowest intensities used in our study [Fig. 2 left column], alarge increase of the harmonic
yield is observed at time overlap together with a cut-off extension from 100 €V (NIR only)
to 140 eV (two-color case). We note that for the low MIR laser intensity used, no harmonic
signal could be detected with the MIR laser pulse aone. In this intensity configuration, the
harmonic yield recorded at time overlap is amost constant over the energy range from 70 to
140 eV, and only decreases by afactor of two with respect to the NIR-only yield below 100 eV.
Increasing the MIR laser intensity leads to a cut-off extension up to 160 eV, but at the expense
of adecreased yield (right column).

3.2.  Smulation results and phase-matching mechanism

In order to understand the optimal conditions for bright coherent emission at higher photon en-
ergies, we performed extensive numerical simulations, using a 3D non-adiabatic model. To do
so, the model described in [25] was extended [21] in order to treat the two-color configuration.
In the simulation the two driving pulses were propagated independently, but they were coupled
through the plasma created by the combined field, and through the third order susceptibility
of the medium. The atomic dipole induced by the laser field was calculated using the strong
field approximation (SFA) [26], and finally the generated harmonics were propagated taking
into account their dispersion and absorption. Due to the high intensities and high pressure used
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Fig. 3. Evolution of theradial distribution of the 800 nm (a) and 1300 nm (b) beams during
propagation in the gas cell. The z coordinate corresponds to the displacement with respect
to the laser focus.

in the experiment, significant field distortions occur as the pulses propagate through the long
interaction medium. The rapid variation of the refractive index due to ionization on the rising
edge of the pulses causes strong self-phase modulation and defocusing and it is important to
include these modifications of the driving pulses because the atomic dipole will inherit these
distortions. In our model, the variation in amplitudes and phases of the two laser beams as they
propagate within the interaction cell are fully taken into account.

Cadculations were first benchmarked using the measured single-color HHG spectra. The size
of the gas cell and the Neon pressure inside the gas cell were fixed to the experimental values
(6 mm, 500 mbar), and the intensity and the position of the cell with respect to the focus were
adjusted to best match the experimental results. A comparison of experimental and simulated
spectraisgiven in Fig. 1(a) for both wavelengths showing a good agreement between the HHG
spectra recorded experimentally and calculated using the 3D model. For the simulations we
have used initially Gaussian pulses with peak intensities 20% higher than the experimental
values both for the NIR and the MIR pulses. We expect the difference to originate from a dlight
overestimation of the beam waist at the focus. The model also satisfactorily reproduces the
experimentally recorded two-color HHG spectra[see Figs. 1 and 2]. A large cut-off extension
from 100 eV (790 nm laser pulse only) to 160 eV (two-color laser field) is observed, together
with a very high harmonic yield that is almost identical to the yield obtained with the 790 nm
laser pulse alone. Our simulations confirm therefore that along gas cell and a high-pressure tar-
get, combined with atwo-color laser scheme allows for efficient generation of high-harmonics
over alarge photon energy range extending to 160 eV.

In our simulation, best PM was achieved when the medium was placed before the laser
focus, which is known to be the optimum in high ionization [27] or high pressure [28] condi-
tions. In this case the balance between geometrical focusing and plasma defocusing reaches an
equilibrium. In the beginning of the propagation, both the NIR and MIR pulses suffer serious
reshaping and, after 1 mm propagation, the intensities reach an almost flat profile both in radia
and axial directions [see Fig. 3]. Since the phase of harmonics is proportional to the intensity
of the driving field I, a Slowly varying intensity helps the constructive build-up of harmonics
along propagation. The reshaping of the pulses that occurs in the front part of the long gas cell
creates therefore a relatively stable intensity and radial profile for the harmonic generation to
occur under favorable PM conditionsin the latter part of the cell. This behavior was confirmed
experimentally by measuring the high harmonic beam profiles generated with the NIR pulse
only and with both the NIR and MIR pulses. In the latter case, a large distortion of the beam
profile together with alarge increase of the beam size (by afactor 1.5) was observed.

Our simulations reveal that the two-color HHG continuum observed experimentally islikely
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Fig. 4. (a) Rising edge of the single color (solid red curve) and two-color NIR+MIR laser
field (solid black curve) after propagation, obtained in our 3D simulation, and the corre-
sponding time evolution of theionization rate (dotted red and black curves). (b) Coherence
length for 100 eV harmonics as a function of time calculated in the 1D model using the
ionization rate from the top panel. (c) Temporal shape of the XUV radiation after propaga-
tion generated with the two-color NIR+MIR laser field showing the generation of an IAP
(black). For comparison, the results for a NIR-only laser field, leading to the production of
an attosecond pulse train, are shown as well (red).

to originate from an efficient gating mechanism that leadsto | AP generation. A gating mecha-
nism occurs both at the microscopic (single-atom response) and macroscopic (phase-matching)
level. First, the periodicity of the two-color HHG process is determined by the least common
multiple of the laser periods. Given that the ratio of the wavelengths is approximately 1.6, the
two-color HHG process is replicated every 5 optical cycles of the 790 nm laser (correspond-
ingly to 3 optical cycles of the 1300 nm laser). During one such time interval two attosecond
pulses are generated, i.e. separated by 2.5 times the 790 nm optical cycle. This alone leads to
an increased separation of the attosecond bursts and denser harmonic line structure. Second,
macroscopic gating arises during propagation in the ionized medium and can be described as
an interplay between temporal and spatia effects. The superposition of the NIR and MIR fields
leads to rapid ionization which destroys PM and confines the HHG to a narrow time-window
on therising edge of the laser pulses[see Figs. 4(a) and 4(b)]. Thistendency isfurther strength-
ened by the fact that ionization reshapes the NIR and MIR laser fields, leading to a pronounced
intensity drop in the second half of the pulse. From this, it follows that high energy photons are
emitted only in very few events. Note that in this explanation, we are predominantly consid-
ering attosecond pulses generated in the last part of the cell since attosecond pulses emitted at
the beginning of the cell are efficiently absorbed in the dense medium (the absorption length is
around 0.5 mm). Thus our calculations suggest that the combination of the two laser fields in
along, high pressure gas cell assures that only one attosecond pulse is eventually present [Fig.
4(c)]. The PM mechanism gated in a narrow time-window on the rising edge of the driving
field was also seen recently in case of HHG using multi-cycle MIR pulses in high density gas
medium [9]. We show that in the proposed arrangement, many-cycle pulses (50 fs) can be used
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for AP production. Dueto the larger temporal separation of intense half-cyclesin the two-color
case, the requirements on the width of the PM window are considerably relaxed. For our 50 fs
pulses, the coherence length exceeds a few millimeters for only a few optical cycles [see Fig.
4(b)].

The simulation results presented in Fig. 4 were carried out for an initia relative carrier-
envel ope phase (CEP) between the NIR and MIR laser fields fixed to A¢ = 0. In this condition,
an AP is generated [see Fig. 4(c)]. However, simulations show that not all relative CEPs re-
sult in the generation of an isolated attosecond pulse. In our experiment, the carrier-envel ope
phase of the NIR and MIR laser pulses were not stabilized and our observation of a soft X-ray
continuum between 70 and 160 eV can therefore not unambiguously prove the generation of an
isolated attosecond pulse. Nevertheless, our simulation suggests that bright attosecond isolated
soft X-ray pulse generation is possible using CEP stable, two-color laser fields.

4, Conclusion

In summary, we have investigated and optimized HHG in a 790 nm+1300 nm two-color field.
At the overlap of the two pulses, a broad continuum is generated up to photon energies ex-
ceeding 160 eV, representing a clear extension compared to HHG with asingle NIR pulse. By
combining along cell and a high gas pressure, we demonstrate a high flux across a wide spec-
tral region. Due to the large interaction volume with favorable PM conditions, it is possible
to partially compensate for the reduced single-atom response at the longer-wavelength driv-
ing fields. Numerical simulations suggest that hybrid optical and PM gating selects attosecond
emission bursts that are formed after a few mm propagation in the gas cell. With two-color
pulses, PM for a coherent build-up aong the cell enables control of the temporal profile of the
soft X-ray bursts, and ultimately should allow to generate isolated attosecond pulses with high
flux and high photon energies. The approach presented in this paper can be generalized to the
use of longer MIR wavelengths, permitting increase of the HHG cut-off to the water window
and allowing core-shell photoel ectron and transient absorption techniques to access the K-edge
of carbon, nitrogen and oxygen atoms.
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