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Abstract: We present a 0.2 TW sub-two-cycle 1.8 um carrier-envelope-phase stable source based
on two-stage pulse compression by filamentation for driving high-order harmonic generation
extending beyond the oxygen K absorption edge. The 1kHz repetition rate, high temporal
resolution enabled by the short 11.8 fs driving pulse duration and bright high-order harmonics
generated in helium make this an attractive source for solid-state and molecular-dynamics studies.
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1.

Introduction

High-order harmonic generation (HHG) based sources have recently achieved unprecedented,
sub-femtosecond, temporal resolution in transient absorption measurements [1-3]. While the
pioneering HHG experiments were performed using near-IR laser-based sources with a cut-off
limited to the sub-100 eV range, most spectroscopic studies providing both attosecond time
resolution and atomic spatial resolution require core electron excitation at significantly higher
energies. In particular, the dynamics of organic and biological molecules would be optimally
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addressed in the so-called water transparency window, which lies between the carbon and oxygen
K-shell absorption edges (commonly 284-543 eV) enabling X-ray absorption measurements of
aqueous solutions [4]. A well established technique to extend the HHG cut-off is to use longer
wavelength (1) driving pulses [5, 6], taking advantage of the well known 12 dependence of the
cut off frequency [7]: Epax < I, +3.17U,, where U, A% - I being the mean quiver energy
of the electron in the laser field, I, is the ionization potential of the generation medium and
I, is the intensity of the driving laser. The challenge of long-wavelength HHG driving is the
drastically reduced single-atom yield which scales as 17>+ [8,9]. However, this partially can be
compensated using favorable phase-matching conditions and increased medium density [6]. The
short few-cycle duration driving pulses are highly desirable and allow HHG in the loose-focusing
geometry thus increasing efficiency and compensating for the single-atom yield decrease.

The recent advancements in high power laser/parametric sources have achieved sufficient
photon flux (kHz repetition rates) for performing time-resolved transient absorption measurements
in the water window range [10] and techniques, such as attosecond streaking [11-13], have
recently been extended to this spectral range enabling the generation of the shortest attosecond
pulses ever produced [14].

In this paper we present a soft X-ray source extending well beyond the oxygen K-edge and
reaching 570 eV, which is driven by sub-two-cycle 1.8 um mid-IR pulses. The pulses are generated
in an optical parametric amplifier (OPA) and post-compressed in two filamentation stages. Long
wavelength driving pulses are attractive for pulse post-compression in a filament, as the critical
power P, scales with A% [15,16]: P, ~ 3.724% /(87 -ng-n»), where ng and n, are the linear and Kerr
refractive indices. Laser filaments are self-sustained light structures of 0.1 to 1 mm in diameter,
spanning over hundreds of meters in length and producing a low-density plasma (10'> =107 cm~3)
along their path. They stem from the dynamic balance between Kerr self-focusing and defocusing
from the self-generated plasma and/or non-linear polarization saturation [17]. As the wavelength
increases, the plasma density decreases and its role in counter-balancing the Kerr self-focusing
decreases accordingly. The long wavelength driving pulses used in our scheme allow efficient
and scalable filament-based pulse compression as discussed in Section 3 without the detrimental
effects of plasma formation.
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Fig. 1. Typical soft X-ray high harmonic spectrum covering the full water window. The
generation is achieved in a gas target with over 2 bar of helium pressure. This spectrum is
averaged over 30 acquisitions of 250 ms each. The black curve corresponds to the absorption
spectrum of TiO; nanoparticles deposited on a SizNy substrate. The white lines indicate the
energies of the carbon (C) K-edge at 282 eV, the nitrogen (N) K-edge at 410 eV, the titanium
(Ti) Ly-edge at 460 eV and the oxygen (O) K-edge at 543 eV.

While broadband optical parametric chirped-pulse amplifiers based on BiBO nonlinear crystals
[18] or parametric amplification in the Fourier-plane [19] have been previously successfully
demonstrated, here we show that high flux HHG can be achieved using a much simpler and robust
pulse compression method and a conventional BBO based Type-II optical parametric amplifier.
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As compared to the first demonstration of the soft X-ray transient absorption measurements [10],
here we extended the HHG spectrum to the 570 eV cut-off to cover the full water window. Bright
X-ray supercontinuum covering the carbon, nitrogen and oxygen K-edges all together provides
new perspectives for the investigation of charge-transfer dynamics in solids, nanoparticles, and
liquids [20]. This was made possible by the improved pulse compression described later in this
paper and by the use of helium, a higher /I, gas target as compared to neon. In addition to the
extended cut-off, the shorter driving pulses provide higher temporal resolution in pump-probe
experiments (as e.g. transient absorption).

2. Soft X-ray transient absorption setup

The experimental setup is summarized in Fig. 2. The commercial laser amplifier consists of a
regenerative amplifier from Coherent delivering 4 mJ pulses that are subsequently amplified in
a cryogenically-cooled two-pass amplifier (Coherent). The two-stage Ti:Sapphire based laser
amplifier delivers 17 mJ 40 fs pulses at 1 kHz repetition rate. Most of the laser output of around
15 m]J is used to pump a BBO-based Type-II parametric amplifier (HE-TOPAS) from Light
Conversion seeded with a white-light supercontinuum derived from the same pump pulse. The
parametric amplifier delivers 2.5 mJ 40 fs idler pulses centered at 4 = 1.8 um wavelength that
are passively carrier-envelope-phase stabilized. This mid-IR output is then compressed down to
sub-two cycles pulses in a dual stage filamentation arrangement, the optimization of which is
described in detail in the next section.

40fs, 2.5 m)J

~—
Ti:Sa laser OPA @1.8pum [ e L/vﬁ
1kHz, 17 mJ CEP locked FS, P ~ Fs,
=t

A

IERRERRE 2 loop Gl THG FROG
X-ray grating
8 O [

.

sample

(Argon

toroidal
mirror

Fig. 2. Experimental layout with Ti:Sa amplified 800 nm pulse (in red) pumping the OPA
with 15 mJ. The CEP stable 1.8 pm idler pulses (in yellow) are broadened by two successive
filament lines of 4 m each and compressed in a fused silica plate of appropriate thickness.
The compressed 11.8 fs pulse is focused into a high pressure helium target and drives the
HHG process. Bottom: Detailed view of the high pressure target and the HHG scheme. Py,
P, and are the pressures measured in each of the differential pumping stages. Inset (b): the
beam intensity profile of the focused post-compressed beam.

The water-window-spanning X-ray spectrum is generated by focusing the post-compressed
pulses using a 350 mm focal length spherical mirror into a static high pressure helium gas target.
The generation medium length in a laser-drilled tube target is 6 mm as depicted in Fig. 2. Typical
backing pressure used for the HHG in helium is &~ 2500 mbar. Using a three-stage differential
pumping vacuum system, the pressure is reduced down to 1076 mbar in the spectrometer chamber,
necessary for the operation of the multi-channel-plate detector (MCP). The phase-matching
conditions for the high-harmonic generation are optimized by controlling the gas pressure, target
position and by fine-tuning the 1.8 um driving pulse compression. The HHG radiation is filtered
from the infrared pulses using a pinhole of 2 mm diameter and a 100 nm thick silver filter. The
soft X-ray beam is then refocused with a nickel-coated grazing-incidence toroidal mirror onto
the sample. In addition, a pump pulse is eventually recombined with the soft X-ray probe pulse
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using an annular 45° mirror. Finally, the transmitted probe pulse is analyzed in a flat-field X-ray
spectrometer, which is based on a laminar-type replica 2400 groove/mm diffraction grating
(Shimadzu) and a 40 mm diameter active area MCP imaging detector. The diffraction-limited
(theoretical) resolution of the spectrometer is around 1 eV in the 300 eV spectral range. However,
in order to reduce thermal load on the solid-state samples (TiO, nanoparticles), the spectrometer
entrance slit was opened to shorten the integration time thus effectively reducing the spectral
resolution.

The acquired X-ray spectrum shown in Fig. 1 (shaded curve) is calibrated in energy and
sensitivity. The spectral calibration is based on the carbon K-edge absorption at 282 eV and
static absorption lines observed in TiO, nanoparticles deposited on a SizNy substrate of 50 nm
thickness. The intensity is then corrected with the grating efficiency curve provided by Shimadzu.

The static absorption spectrum of TiO,, shown in Fig. 1 (black line) is obtained by comparing
the transmitted X-ray spectrum with a reference one A = —log10(S/S,.s). Both spectra are
acquired keeping the same exposure parameters.

In optimal conditions of CEP stability, the harmonic cutoff energy is measured higher than the
oxygen K-edge at 543 eV, meaning a full coverage of the so-called water window. The overall
stability combined to the kHz pulse repetition rate allows a strong reduction of the acquisition
time: for instance the spectrum presented in Fig. 1 is averaged over only 30 captures of 250 ms
acquisition time each. First dynamic scans in experimental conditions similar to [10] allow to
estimate a required time of less than 30 minutes for full transient absorption time-scans with
femtosecond resolution. Although a precise and robust photon flux estimation of HHG sources is
challenging as it requires taking into account spectral sensitivity of the detector, transmission of
the refocusing optics, diffraction grating efficiency, we did a comparative flux calibration using a
calibrated photodiode while keeping experimental conditions as similar as possible. We estimated
the energy of the generated HHG radiation in the water window of around 2 pJ per laser pulse.

3. Sub-two cycle pulse compression

The 40-fs pulses centered at 1.8 um from the parametric amplifier are post-compressed by spectral
broadening in a two-stage filamentation stages. The usual break-up in multiple filaments, which
occurs for laser powers P of the order of 10 - P, and limits the maximum energy in filament-based
compression schemes, is therefore increased in the mid-IR. Moving from 800 nm to 1.8 um
provides thus roughly a factor 5 in energy before modulational instability induced break-up (7,
assumed constant as reported in [21]) allowing single filaments bearing several mJ in few-cycles
duration. In our case, the peak power after filamentation reaches 0.2 TW.

In comparison with hollow-core capillary-based pulse compression schemes [22-25], the
filament-based pulse compression scheme introduces virtually no losses (< 1 % measured at
2 bar of argon pressure, see Figs. 3(c) and 3(d)). Due to the absence of waveguide in our pulse
post-compression scheme, the alignment is greatly simplified, and the pointing instabilities, and
optical damage probability are also significantly reduced. In addition, operating in the infrared
(4 > 1.4 um) spectral range allows simple compensation of the induced chirp due to self-phase
modulation (SPM) by the anomalous dispersion of common optical materials, such as fused silica
or CaF,.

The spectrum of the 1.8 um idler pulses is broadened by loosely focussing using a 2 meter focal
length spherical mirror in a first 3.5 meter long argon gas cell isolated by two 3-mm-thick CaF,
windows cut at Brewster’s angle for the first stage of spectral broadening. Using long focal length
mirrors is crucial to reduce plasma formation and its associated losses and instabilities. The
beam is then collimated using the same 2 meter focal length silver mirror and the residual chirp
is compensated in a 2 mm thick fused silica glass plate and temporally compressing the pulse for
further broadening. The pulse after the first compression stage is then launched into a second pulse
compression stage consisting of an identical argon-filled cell for subsequent spectral broadening
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Fig. 3. Evolution of the pulse spectral broadening with increasing pressure in the first (a) and
second gas cell (b) for the two-stage filament compression. For the second stage broadening
(bottom), the pressure in the first cell is fixed at 1 bar. (c) Output pulse average power
measurement at the output of each filament cell as a function of argon pressure in the (c)
first gas cell and (d) second gas cell.

by filamentation. The gas pressure in each cell can be independently controlled ranging from
vacuum to 3 bar of absolute pressure. The two-stage pulse compression arrangement allows
achieving higher compression ratio and cleaner compressed pulses, as originally demonstrated
by Hauri et al. [26] with a Ti:Sa laser [36] . The beam is then collimated by a 3 m focal length
silver mirror and the chirp is compensated using a set of rotatable fused silica flat windows for
fine adjustment of the dispersion.

The spectrum is directly monitored using an InGaAs spectrometer and the temporal characteri-
zation is performed using dispersion-free third-harmonic generation optical gating (THG-FROG).
The evolution of the spectral broadening is shown in Fig. 3. The pressure in the two gas cells
is optimized in order to achieve the broadest final spectrum after the two compression stages.
This is done by moderately broadening the spectrum in the first stage in order to preserve clean
temporal and spatial beam profiles. In this case, the pressure in the first cell is increased to 1 bar.

From 0.6 bar upwards we observe the formation of a distinct second peak in the spectrum
near 1850 nm while the broadening tends to slightly blueshift the overall spectrum of the pulse.
The main broadening process involved in filamentation is via the Kerr nonlinearity (n2) induced
self-phase modulation. A time-dependent non-linear phase ¢y = 27 - ny - E(t)* - L] A (L is the
propagation distance, A is the carrier wavelength; n; is directly proportional to the gas pressure)
is indeed accumulated while the pulse propagates, so that new frequencies are produced in the
spectrum Aw = —d/df(¢ ). The time-dependent intensity envelope thus produces red-shifted
components near the leading edge of the pulse and blue shifted ones at the trailing edge (assuming
an initial smooth bell-shaped pulse). Pure SPM broadening exhibits an oscillatory behavior,
the number of peaks being associated with the maximal acquired non-linear phase ¢as4x. The
origin of these peaks is the production of the same chirp within the pulse at different times
and their interference. For a symmetric pulse envelope, a SPM broadened pulse should then
exhibit symmetric peaks about the central carrier frequency. An additional effect, self-steepening,
however breaks this symmetry. As the refractive index n(t) = ng + npI(t) is larger in the center
of the pulse than on the edges, the trailing part of the pulse propagates faster than the center,
inducing a pulse steepening and eventually an optical shock [27]. This temporal asymmetry, in
turn, modifies the spectrum as the steepness of the slopes on both edges of the pulse become
asymmetric. As a consequence, the intensity of the red-shifted peak is strongly enhanced as
compared to the blue-shifted ones. On the other hand, the spectral broadening on the blue side is
wider than on the red side [28]. This prominence of the red-shifted SPM peak at 1850 nm, as
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Fig. 4. Frequency-resolved optical gating characterization of the compressed driving pulse.
Top: THG FROG measured trace and the multi algorithm retrieved trace. Bottom left:
normalized comparison in the spectral domain of the OPA Idler (input), the same pulse after
broadening and compression (measured) and the retrieved spectra (retrieved). The input
spectrum is centered at 1.79 pm with a 145 nm bandwidth and the measured spectrum shows
a main peak shifted at 1.96 um and is 400 nm wide at FWHM. Bottom right: time domain
representation of the retrieved intensities of the OPA pulse (input) and the compressed pulse
(retrieved). The retrieved phase (right axis) is given for the compressed pulse only.

well as the broader blue wing, are well observed in Fig. 3, as the pressure increases from 0.6 bar
to 1 bar. The filamentation process has been shown to increase this red-shifting, especially in the
few-cycle regime [29]. Note that the red-shifting was recently observed both for filamentation
in krypton in the same spectral range [9] as well as in spectral broadening in a hollow-core
fiber [23]. In particular, the self-steepening process and associated red-shifting appears significant
for the recompression by a transparent bulk material [23]. Increasing the filling argon pressure
above 1 bar deteriorates the pulse-to-pulse stability and the spatial profile, therefore we limited
the pressure in the first cell to this value. The broadened pulse exiting from the first cell was
then recompressed in fused silica and refocused by a 2 m focussing mirror in the second argon
cell, which pressure was optimized. Again a clear red-shifting of the main peak in parallel to
stronger blueshift broadening is observed as soon as the pressure is increased. At 1.3 bar, which
corresponded to the highest pressure for stable operation, the spectrum covers the wavelength
range from 1200 to more than 2100 nm with a 400 nm FWHM bandwidth and a main peak at
1960 nm.

The temporal characterization of the 1.8 ym pulse is carried out using THG-FROG. The
retrieved pulse spectrum is in good agreement with an independently and directly measured
spectrum. The retrieved pulse temporal profile shows that the pulses are compressed by a factor
of more than 4, down to 11.8 fs as summarized in Fig. 4. With these characteristics, the peak
power of the pulse reaches as much as 0.2 TW, and an average power of 2.1 W. The losses in
the whole compression process are as low as ~ 15 %, mainly due to Fresnel losses in the cell
windows. This also confirms the low plasma density generated in the filaments in our case.
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To quantify the energy losses due to the filamentation in the two broadening stages, we
measured the mean power at the output of each stage for different pressures of argon. We started
with a primary vacuum in both cells and gradually increased the pressure in the first cell up to
2.5bar. Then we fixed the pressure of the first cell at 1 bar and increased the pressure in the
second cell up to 2 bar as shown in Figs. 3(c) and 3(d).

Moreover, the spatial beam profile after the 2-stage filamentation is excellent, as depicted in
Fig. 2(b). This feature is characteristic of optimized filamentation schemes, where self-cleaning of
the spatial mode occurs [30] mainly due to the spatial dependence of the Kerr induced non-linear
refractive index in the incoming beam [31, 32].

4. CEP stabilisation

Transient absorption spectroscopy relies on stable soft-X-ray sources. The stability over the time
scale of the measurement is crucial in order to see the minor absorption features as the signal is
obtained by comparing the transmitted spectrum with a reference one.
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Fig. 5. Carrier envelope phase measured over 30 min using a f-2f interferometry setup.
Passive free-running CEP (maple), corresponding to r.m.s. = 531 mrad jitter where the
actively locked CEP (brown) stabilization reduce it to r.m.s. = 180 mrad.

In the few-cycle regime the generation of a stable soft-X-ray spectrum depends not only on the
intensity stability of the driving source, but also on the CE phase [33] which can be used for the
production of isolated attosecond pulses [14,24].

We employ a passive CEP control scheme [34] for stabilizing the phase of the idler pulses.
This is enabled by the white light supercontinuum seeding of the parametric amplifier, where the
phase of the idler pulses is passively stabilized due to difference frequency generation between
the while light supercontinuum and the pump pulse. The residual phase variation due to drifts in
the slightly different optical path lengths of the seed and pump pulses is compensated using a
piezo actuator (see Fig. 5). The reflection of the cell output Brewster window is picked up and
sent to an f-2f setup for active CEP stabilization.

5. Discussion

Recent spectacular progress has been achieved in the development of table-top soft-X ray
attosecond sources covering the whole water window. Typically, HHG in the water window
spectral range relies on high-ionization-potential gases such as He and long-wavelength sub-2
cycle driving sources. For time-resolved spectroscopic investigations like soft X-Ray transient
absorption, a high flux is necessary, which requires high-peak-power mid-IR sources at high
repetition rates. In particular, recent investigations based on post-compression in hollow-core
fibers showed that both high flux and cut-off frequencies the oxygen K-edge [35] are achievable.



Research Article Vol. 26, No. 9 | 30 Apr 2018 | OPTICS EXPRESS 11842

Optics EXPRESS

N

As an attractive alternative, here we present the development of a CEP stable sub-2 cycle 0.2 TW
mid-IR source at 1 kHz based on filamentation, and associated smooth HHG spectra covering
the whole water window including the K-edge of oxygen. Filamentation provides significant
advantages, such as negligible losses, spatial mode cleaning, and ease of operation. We intend to
use this high-brightness source to investigate peptides and small protein dynamics in solution [4]
by transient soft X-ray spectroscopy in the near future.

In this case, the main improvement is the high peak power of the 1.8 ym pulse both available
to pump the samples and drive the X-ray generation by HHG with high flux. We demonstrate that
filamentation is suitable for efficient pulse compression and generation of clean driving pulses
for HHG with minimum power losses.

Appendix

For spectroscopic applications it is common to represent the aborption spectra in optical density
and logarithmic scale as shown in Fig. 1. However, for the spectrometer calibration purposes we
used carbon K-absorption line at 282 eV best visible in the high-order harmonic spectrum plotted
in linear scale as shown in Fig. 6.
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Fig. 6. Typical soft X-ray high harmonic spectrum in linear scale. The white line shows the
absorption of the carbon (C) K-edge at 282 eV due to contamination in the beam-line.
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