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Abstract: Compression of 42 fs, 0.29 mJ pulses from a Ti:Sapphire amplifier down to 8 fs
(approximately 3 optical cycles) is demonstrated by means of spectral broadening in a compact
multi-pass cell filled with argon. The efficiency of the nonlinear pulse compression is limited
to 45 % mostly by losses in the mirrors of the cell. The experimental results are supported by
3-dimensional numerical simulations of the nonlinear pulse propagation in the cell that allow us
to study spatio-spectral properties of the pulses after spectral broadening.
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1. Introduction

In recent years a great deal of effort has been devoted to generate few-cycle laser pulses with
moderate to high energies (few-pJ to few-mJ). Potential applications include, but are not limited
to, the study of ultrafast processes in light-matter interaction in the domain of Attosecond Science
[1], strong field physics [2] and novel methods of laser material processing [3]. Chirped pulse
amplification (CPA) provides energy scaling through the amplification of ultrashort pulses from
mode-locked laser oscillators. However, the amplified pulse duration is limited by gain-narrowing
effects during the amplification process. Nonlinear pulse compression, based on pulse spectral
broadening during nonlinear pulse propagation dominated by self-phase modulation (SPM),
offers an alternative to circumvent this limitation.

Many techniques have been proposed and demonstrated for the nonlinear compression of laser
pulses [4]. In particular, the combination of Ti:Sapphire CPAs and spectral broadening in gas-
filled hollow-core fibers (HCF) [5] has lead to the generation of sub-4 fs pulses (approximately 1.5
optical cycles around 800 nm) with multi-mJ pulse energy [6,7]. Meanwhile, spectral broadening
in HCFs of longer pulses from CPAs based on direct diode pumping of Yb-doped gain materials,
has provided a route to generate 10 fs, 3.18 mJ pulses at 100 kHz repetition rate (318 W average
power) at a central wavelength around 1030 nm [8].

Besides the required spectral broadening, HCFs offer minimized space-time couplings [9] and
a spatial mode dominated by the fundamental mode propagating in the wave-guiding structure.
However, HCFs are prone to optical damage at the entrance of the guiding structure, specially
for input pulses combining high peak and average power. Hence, they are sensitive to pointing
instabilities. Nevertheless, the output of a HCF provides a beam stable in position and pointing,
which is useful for applications. In contrast, for any spectral broadening alternative technique
that is insensitive to beam pointing instabilities, pointing instability issues must be addressed
before integration of the compressed pulses into an application. Multi-plate super-continuum
generation (MPSC) [10] is a simple alternative to HCFs that is impervious to beam pointing
instabilities. MPSC has been implemented to post-compress few-cycle pulses from a high power,
high repetition rate optical parametric chirped pulse amplification system (OPCPA) down to
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the single cycle limit [11] or to compress pulses from an Yb-based CPA from > 100 fs down
to the single-cycle limit [12]. Although MPSC constitutes a simple and affordable method for
generating few-cycle pulses, the resulting pulses may present certain degree of spatio-temporal
distortions [11].

In 2016 Schulte ef al. introduced a robust strategy for nonlinear compression of 100fs - 1 ps
pulses at around 1 pm from laser amplifiers or high power oscillators known as multi-pass cell
(MPC) [13] . The original idea placed a glass window, responsible for SPM, at the position of
the beam waist in a Herriot-type delay-line or cell built with high reflectivity mirrors. The idea
was later extended to cells inside chambers filled with noble gases. The pulse travels through
the Herriot-cell multiple times with only minor losses and a controlled amount of SPM per
pass through the position of the waist. The accumulated nonlinear phase after many round
trips provides the required spectral broadening for pulse compression. Meanwhile, multiple
passes through the cavity are responsible for maintaining the beam quality and homogenizing the
spatio-temporal distribution, if the B-integral [14] per pass is kept rather low [15]. In particular,
if the B-integral per pass is low, in a first approximation the Kerr-lens effect can be neglected and
the propagation can be modelled by Gaussian beam propagation and a 1-Dimensional model
accounting for SPM [16]. The technique has been successfully applied to compress pulses from
a variety of systems, most notably, for the compression of ps and sub-ps pulses down to a few
tens of fs at extremely high average powers reaching 1 kW, with high efficiency exceeding 90 %
[17-20].

Although multi-pass cells have shown remarkable performance, especially for compression
of sub-ps pulses at high-average-power to sub-50 fs, extension to the few-cycle regime presents
additional challenges. As indicated by Nagy et al. [4], in order to maintain high efficiency and
low B-integral per pass, cavity mirrors must necessarily support near octave-spanning spectral
range with high reflectivity (well above 99 %) and low group delay dispersion (GDD), while
exhibiting high damage threshold, in order to keep the size of the cell reasonable. To bridge this
gap, compression in MPC has been combined with a second compression stage using a different
approach [21,22]. In addition, a two-stage MPC compression approach has been implemented by
Balla et al. to demonstrate the compression of ps pulses at 1030 nm down to 13 fs [23]. Moreover,
Miiller et al. have recently demonstrated the compression of 200 fs, 1 mJ pulses at 500 kHz at
1030 nm from a fiber CPA down to 6.9 fs utilizing a two-stage compression approach [24]. In this
particular case, the second MPC incorporates a complex array of dielectrically-enhanced silver
mirrors that offer improved reflectivity over a broad bandwidth with minimized GDD. Due to
the extremely high average power and the absorption in the silver coatings, active cooling of the
mirrors inside the chamber had to be implemented. Furthermore, Cao et al. have numerically
studied the implementation of MPCs for the compression of 30 fs pulses at 800 nm to the few-cycle
regime, with radial and azimuthal input polarization [25] and Laguerre-Gaussian spatial modes
[26].

In this work, a compact MPC setup with moderately high B-integral per round-trip is
implemented to post-compress nearly transform-limited 42 fs pulses from a Ti:Sapphire CPA.
Pulse compression down to 8 fs is demonstrated with a pulse energy of 130 pJ. The experimental
results are complemented by numerical simulations in order to estimate the residual space-time
couplings. The results presented here represent an interesting alternative approach for the
post-compression of pulses from high repetition rate OPCPAs with similar energy [27-35].

2. Experimental setup

The experimental setup is shown in Fig. 1. A commercial Ti:Sapphire CPA system (Spectra-
Physics, Spitfire) delivered 42 fs pulses at a central wavelength of 790 nm with energy up to 3 mJ
and repetition rate of 1 kHz. A 1/2 wave plate and a pair of thin-film polarizers control the input
energy into the compression setup. A Galilean telescope and a focusing plano-convex lens (f =
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500 mm) were utilized to match the beam size and wavefront to the eigen-mode of the cavity in

the MPC.
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Fig. 1. Multi-pass cell experimental setup configuration. M1, M2: cavity mirrors. M3,
M4: dielectric turning mirrors. M5, M6: silver-coated turning mirrors. M7: silver-coated
spherical mirror. MChirp: Chirped mirrors.

The MPC was contained in a compact chamber (65 cm x 30cm x 30 cm) filled with a gas
of Ar atoms. The top cover of the chamber consisted of a 5 cm thick clear Plexiglass block for
visual inspection purposes. The cavity was built with two silver-coated spherical mirrors (radius
= 300 mm, diameter = 50 mm) separated by a distance of 584 mm (mirrors M1 and M2 in Fig. 1).
One of the mirrors was mounted on a linear translation stage in order to fine-tune the cavity length.
The beam entered the chamber through a 1 mm thick fused-silica window with an anti-reflection
coating. Two dielectric multi-layer steering mirrors (M3 and M4 in Fig. 1), one of them with a
diameter of 12.5 mm were utilized to inject the beam into the MPC cavity. The same combination
of mirrors, but with silver coatings, was utilized to eject the beam out of the cell after 11 passes
through the focal plane of the cavity, and then out of the chamber (M5 and M6 in Fig. 1). The
spectrally broadened beam exited the chamber through a 0.5 mm thick uncoated fused-silica
window. Under these conditions, the losses through the experimental chamber amounted to
38.6 %. Outside the chamber the beam was collimated using a silver-coated spherical mirror
(M7 in Fig. 1). A set of chirped mirrors (Ultrafast Innovations, PC-70) in combination with thin
fused-silica wedges were used for dispersion compensation.

3. Results and discussion

For the given cavity length, the input pulse energy was limited to a safe value to avoid damage of
the optical components inside the chamber. The pressure of the gas was slowly increased (starting
from a few mbar) while monitoring the output spectrum. Both, the gas pressure in the chamber
and the distance between the gratings in the compressor of the Ti:Sapphire CPA were optimized
to maximize the spectral broadening. In order to avoid significant ionization around the focal
plane of the cavity, the input pulse energy was reduced whenever necessary while monitoring
visually the focal region of the cavity (to avoid strong plasma formation) and instabilities in the
output spectrum. A typical evolution of the spectral broadening as the pressure of Ar in the
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chamber was increased is shown in Fig. 2. All the spectra were taken at a constant pulse energy
of 290 uJ at the input of the MPC cavity. As the pressure increases the spectral broadening is
characterized by a modulation in the spectrum typical of SPM-induced broadening. In addition,
the effect of self-steepening is observed in the progressive blue shifting of the spectrum.
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Fig. 2. Evolution of spectral broadening with increasing pressure in the chamber containing
the multi-pass cell, shown in a logarithmic scale. In all measurements the pulse energy
entering the MPC cavity was 290 pJ.

Upon scanning over different combinations of input energy, input pulse chirp and Ar pressure,
optimum spectral broadening with a maximum input energy of (290 + 10) pJ (at the first cavity
mirror), was found for a pressure of 1500 mbar and a mirror separation of 584 mm. After
dispersion compensation with 12 bounces off the chirped mirrors and propagation through the
fused-silica wedges, the compressed pulses were characterized with a commercial SPIDER
(APE GmbH, FC-SPIDER). The resulting spectrum and reconstructed pulse are shown in Fig. 3.
Figure 3(a) shows a comparison between the input (dashed light blue line) and the output (solid
blue line) spectra. The input pulse was characterized at the output of the CPA with a different
commercial SPIDER (APE GmbH, LX-SPIDER). A bigger than 6-fold increase in the pulse
spectral width (measured at 1/e of the maximum) is observed. The red curve in the same figure
(with corresponding red axis on the right) shows the retrieved spectral phase after dispersion
compensation. Due to the limited spectral range of the detector, the spectrum is cut below
547 nm. However, the spectral power density below 600 nm is more than 2 orders of magnitude
weaker than at the maximum, and therefore does not affect significantly the results of the pulse
characterization. The reconstructed pulse (solid blue line) is presented in Fig. 3(b), where it
is compared to the input pulse (dashed light blue line) and the Fourier-transform limited pulse
(dashed blue line) corresponding to the broadened spectrum. The pulse duration of 8.06 fs
Full-Width at Half Maximum (FWHM) represents 1.6 times the Fourier-transform limited pulse
duration (5.0fs) and 3.1 optical cycles within the FWHM. A residual third order term in the
spectral phase prevents from achieving compression closer to the Fourier-transform limit. After
losses in the chirped-mirror compressor and several steering mirrors, the pulse energy was
reduced another 26 % resulting in a compressed pulse energy of (130 + 10) uJ. The total efficiency
in the setup is estimated then at 45.5 %.

For the spectrally broadened pulses presented in Fig. 3, the beam at the output of the
experimental chamber was characterized before the chirped mirror compressor with a commercial
beam profiler (Thorlabs Inc., BC106N-VIS). Figure 4(a) shows the color-coded intensity spatial
distribution of the collimated beam in a scale normalized to the maximum number of counts in
the image. The image was integrated over the y- and x-axis to construct the profiles shown in
Fig. 4(c). In Fig. 4(b) the focused beam is shown at the focal plane of a 400 mm focal length
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Fig. 3. (a) Measured spectrum (solid blue) and retrieved spectral phase (red). The spectrum
of the input pulse is shown for comparison (dashed light blue). (b) Retrieved pulse (squared
absolute value of the pulse envelope) and Fourier-transform limited pulse (solid and dashed
blue respectively). The measured input pulse is also shown for comparison (dashed light
blue).

plano-convex lens. In the focal plane the beam is homogeneous and round, with no visible
significant low energy pedestals compromising the achievable intensity. The spatial distribution
was integrated to construct the beam profiles along the x- and y-axis shown in Fig. 4(d).

In order to quantify this description of the focused beam, the amount of energy in low intensity
pedestals in the spatial distribution of Fig. 4(b) was estimated. In order to do so, the spatial
distribution was integrated within a circle centered around the beam (dashed red circle in
Fig. 4(b)), and with a diameter equal to 7 times the average of the beam widths (¢72 of the
maximum intensity) in x and y. This region would contain approximately 99 % of the energy
for a Gaussian beam. The ratio between this integral and an integration over the full spatial
distribution gives an estimation of the content of energy in low intensity pedestals for non-ideal
beams. The region within the circle in Fig. 4(b)) contains 85 % of the energy. In other words,
15 % of the pulse energy is lost to the spatial low energy pedestal.

One of the attractive properties of the MPC technique is the fact that the combination of
a slow build-up of nonlinear phase and propagation in the cavity results in a homogeneous
spatio-temporal (or spatio-spectral) distribution [15]. Typically the B-integral per pass in the
cell is limited to relatively small values (< ) in order to prevent space-time couplings. The
B-integral per round trip in the setup can be estimated with a simple expression derived by Hanna

etal. [15]:
Ppeak [ L
BRroundTrip = n;—é arctan R_L D
crit -

Here Py is the pulse peak power, P is the critical power for self-focusing, L is separation
between the cavity mirrors (assumed to be identical) and R their radii of curvature. In the present
case, BroundTrip Was estimated to be approximately equal to 1.5 X 7. Therefore, it is instructive to
study the spatio-spectral distribution of the output pulses.

Figure 5(a) shows the broadened spectra at different positions across the beam. The spectra
were taken in the same plane where the image of Fig. 4(a) was taken, by displacing an optical
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Fig. 4. (a) Collimated beam before the chirp-mirror compressor. (b) Focused beam
measured in the focal plane of a 400 mm focal length lens. The red dashed circle indicates
the region of integration for an estimation of the energy in the main part of the beam. (c)
Beam profiles extracted from integrating the beam in (a) in the y-axis (profile x) and in
the x-axis (profile y). u represents either the x- or y-axis. (d) Beam profiles (solid lines)
extracted from integrating the spatial distribution in (b) along the horizontal and vertical
directions (profile y and profile x respectively). v represents either the x- or y-axis.

fiber coupled to a spectrometer across the beam profile, utilizing a micrometer stage. Figure 5(b)
shows the Fourier-transform limited (FTL) pulse duration corresponding to the spectra in Fig. 5(a).
The pulse duration is relatively constant within the FWHM of the beam profile (approximately
between -1.5mm and 1.5 mm). Towards the edges of the beam the FTL is shorter, but the
signal to noise ratio of the spectra is lower. Overall, although there is a mild dependence of the
broadened spectrum and the FTL on the position across the beam, compression to few-cycle
pulses is supported across the entire beam profile. Note that the shape of the spectra in Fig. 5(a)
differs from the SPIDER measurement in Fig. 3(a). These data sets were taking during different
days and the input pulse shape into the MPC setup differed from day to day due to long term
instabilities in the Ti:Sapphire CPA.

In order to better understand the impact of the relatively high B-integral per round trip,
numerical simulations were performed to qualitatively reproduce the spectral broadening observed
in Fig. 3(a). To simulate the propagation through the MPC a 3D+1 nonlinear propagation equation
was derived for the pulse envelope under the Slowly Evolving Wave Approximation [36]. The
equation was solved on a 200x200x512 (x,y, ) grid applying a split-step method in which
dispersion and diffraction are described in the frequency-domain, while SPM and self-steepening
are applied in the time-domain. The nonlinear coefficient was assumed constant over the entire
spectral region. The value of the nonlinear coefficient was taken from measured values published
in the literature [37]. The input beam profile was assumed to be Gaussian with the size and wave
front curvature matching the mode of the cavity, while the temporal shape was taken from the
measurement of the input pulse with the LX-SPIDER. The radii of curvature of the mirrors,
mirror separation, gas pressure and pulse energy were taken from the experimental values quoted
above. A mirror reflectivity of 97 % with a flat spectral response was assumed, corresponding
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Fig. 5. (a) Spatio-spectral distribution measured along the horizontal coordinate. (b)
Fourier-transform limited pulse duration for the spectra shown in (a).

to the protected-silver coatings of the mirrors used in the experiment. The input energy was
multiplied by a dimensionless parameter between 0 and 1 that was used to account for pulse
pedestals, wave front aberrations, etc., effectively degrading the peak intensity. This was the
only variable parameter of the model and it was adjusted in order to approximately reproduce the
experimental spectrum. For the results shown below this factor was set to 0.5. A summary of the
simulation results is presented in Fig. 6.
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Fig. 6. Summary of simulation results. (a) Spatio-spectral distribution integrated along one
spatial dimension. (b) Output beam. (c) Spatially-integrated spectrum. (d) Output beam
profile (solid blue line) obtained by integrating the beam in (b) along the vertical (y-axis)
direction. The dashed green line shows the FTL pulse duration as a function of position.

Figure 6(a) shows the spatio-spectral distribution integrated over one of the spatial coordinates.
The results clearly show a dependence of the spectrum with position. The spectrum obtained
by integrating along both spatial coordinates is shown in Fig. 6(c). Although the simulated
spectrum reproduces qualitatively some of the features of the experimental spectrum shown in
Fig. 3, it does not reproduce it exactly. In particular the experimental spectrum is slightly more
blue-shifted, a sign that ionization may be playing an important role. A one-to-one comparison is
challenging, since a fraction of the beam is sampled with the input iris of the SPIDER. Figure 6(b)
shows the output beam at the position of the cavity mirror. A profile calculated by integrating
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along the y-axis is shown in Fig. 6(d) (solid blue line). Additionally, the FTL pulse duration as a
function of position is included (dashed green line). The achievable pulse duration is practically
constant across the beam profile. No signs of beam degradation are observed in the simulation.
The code implements an estimation of the beam profile at each step during the propagation
that allows comparing the beam size with the calculated Gaussian mode in the cavity. The
perturbation introduced by self-focusing decreases the size of the beam on the mirrors for some
of the round trips, effectively limiting the input pulse energy due potential damage to the mirrors.
The amount of space-time couplings can be quantified by a parameter indicating how the beam
properties depend on the spectral component, according to the definitions of Hanna et al. [15].
The spatio-temporal couplings are considered negligible if this quantity is below 0.1. For the
distribution shown in Fig. 6, the space-time coupling parameter amounts to 0.23, reflecting the
fact that the spatio-temporal distortions are not negligible.

A quantity similar to a Strehl ratio can be calculated to estimate the effects of the space-time
couplings on the achievable peak intensity: a ratio of the intensity at focus of the compressed
pulse with spatio-temporal distortions, to the intensity of a distortion-free pulse calculated from
the distorted one, according to the definition given by Giree et al. [38]. This ratio varies between
0 and 1, with 1 corresponding to a space-time coupling-free field. For the simulated field shown
in Fig. 6, the beam was numerically collimated with an ideal lens and then focused with a second
ideal lens of focal length 500 mm. The corresponding ratio due to spatio-temporal distortions
amounts to 0.91. Therefore, it can be concluded that although the space-time couplings are not
negligible, their effect on the peak intensity is not dramatic for the case considered here.

The results presented in Fig. 6 and its corresponding discussions suggest that under our
experimental conditions, a careful spatio-temporal analysis of the compressed pulses [9,39,40]
is advisable. A straightforward alternative to the scheme presented here is to replace the silver
coatings in the cavity mirrors (and elsewhere) by silver plus a thin dielectric multi-layer coating
that enhances the reflectivity over the full bandwidth (reflectivity =~ 98.5%) with minimum group
delay dispersion. In that case, the number of round trips could be increased to 11 keeping
approximately the same transmission through the MPC setup but lowering the B-integral per
round trip (by lowering the gas pressure), or the efficiency of the setup can be increased keeping
similar conditions to the experiment presented here.

4. Conclusions

In summary, we have demonstrated the compression of sub-45 fs pulses at 800 nm down to 8 fs
(3.1 cycles) in a gas-filled multi-pass cell for an input pulse energy of almost 300 pJ. In order to
avoid significant losses while keeping a broad bandwidth, the B-integral per round trip in the cell
had to be set at relatively high values reaching 1.5 X &, which in turn resulted in non-negligible
space-time couplings. However, it was shown that all the spectra measured at different positions
across the beam profile support compression to few-cycle pulses. The experimental results were
supported by 3D+1 numerical simulations that confirm the presence of space-time couplings
limiting the achievable peak intensity. In future experiments all silver mirrors will be replaced by
dielectrically enhanced silver mirrors. In combination with a broadband anti-reflection coated
output window, these modifications should allow the compression of pulses with few-hundred pJ
of energy with more than 50 % efficiency in a compact setup. This could be particularly attractive
for the nonlinear compression of pulses from high power, high repetition rate OPCPA systems
with similar pulse energies.
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