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Abstract. We demonstrate pulse post-compression of a TW class chirped pulse amplification laser em-
ploying a gas-filled planar hollow waveguide. A waveguide throughput of 80% is achieved for 50 mJ input
pulse energy. Good focusability is found and after compression with chirped mirrors a pulse duration of
sub-15 fs is measured in the beam center. Whereas a total energy efficiency of ~70% should be achievable,
our post-compressor currently delivers 20 mJ output pulse energy (~40% efficiency), mostly limited by
apertures of chirped mirrors and vacuum windows. The viability of the planar hollow waveguide compres-
sion scheme for applications in strong-field physics is demonstrated by generating high-order harmonics in

a pulsed Ar gas cell.

1 Introduction

Few-cycle laser pulses, i.e. pulses so short that the pulse
envelope encloses only a few cycles of the field, have be-
come indispensable tools in optics and related sciences,
such as High-order Harmonic Generation (HHG) [1], at-
tosecond science [2], strong-field physics [3], and acceler-
ation of particles [4]. While low-energy, few-cycle pulses
can today routinely be obtained from Titanium:Sapphire
(Ti:Saph) based ultrafast oscillators [5], the output of
chirped pulse amplification (CPA) femtosecond lasers
hardly reaches below 20 fs pulse duration, mostly due to
gain-bandwidth-narrowing. Typical Ti:Saph based CPA
lasers, found in research laboratories today, have pulse
duration in the range of 25-100 fs and pulse energies
in the mJ to hundreds of mJ range. Common pulse
post-compression techniques can hardly handle more than
10 mJ input pulse energy. Thus, there is a strong need for
post-compression of energetic laser pulses.

The two most prominent schemes for pulse compres-
sion to the few-cycle regime are based on strong spectral
broadening due to nonlinear propagation in either a noble
gas filled hollow capillary [6] or in a self-guided filament [7]
and subsequent compression with chirped mirrors. Due to
ionization inside the capillary and nonlinear coupling to
higher order capillary modes with stronger attenuation
the output pulse energy of a hollow capillary compressor
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rarely exceeds a few mJ. Attempts to increase the energy
output require advanced optical [8] or capillary engineer-
ing [9,10], and may exhibit low efficiency [11].

The other scheme uses self-guiding in a laser filament,
which forms as consequence of a dynamic equilibrium be-
tween self-focusing and plasma defocusing [12]. In certain
conditions saturation of the Kerr-nonlinearity was sug-
gested as an alternative effect to stabilize the filament [13].
Post-compression via filamentation in practice is limited
to output pulse energies of about 1 mJ, mainly due to the
onset of multiple filamentation, spatial chirp, and angular
dispersion [14,15]. Hence, only the center of the output
beam is spectrally homogeneous and can be recompressed
to a few-cycle pulse.

As alternative to hollow capillaries and filamentation,
self-compression in the relativistic self-focusing regime has
been suggested and demonstrated [16,17]. Whereas this
approach might work even up to the PW power level, the
energy efficiency usually is around 20% [18].

A scheme that potentially scales to high pulse energy
much more favorably than hollow capillaries and filamen-
tation was proposed by Nurhuda et al. [19]. By use of
gas-filled planar hollow waveguides for post-compression,
the pulse energy can easily be up-scaled by increasing the
beam size in one spatial direction, while keeping the in-
tensity inside the waveguide at levels benefiting efficient
self-phase modulation, but limiting ionization. In the first
experimental realization it was recognized that modula-
tional instability due to one-dimensional, small-scale self-
focusing along the unguided waveguide direction could re-
sult in strong deterioration of the transverse beam profile
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Fig. 1. Sketch of the experimental setup.
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and in the extreme to break-up of the beam into several fil-
aments [20]. Shortly after, some of the authors of this pub-
lication showed that by carefully controlling experimental
parameters, such as gas pressure and waveguide length,
a balance between spectral broadening and beam dete-
rioration can be achieved and demonstrated compressed
pulses at the 10 mJ level with good focusability [21,22].
Furthermore, a theoretical model describing a stability
regime for energy up-scaling of the planar hollow waveg-
uide compression scheme was introduced [23]. The results
from these early experiments were summarized in an ar-
ticle [24], which discusses in detail how the detrimental
transverse dynamics inside the waveguide can be balanced
in order to support energies exceeding the current limita-
tions in pulse post-compression with hollow capillaries and
filamentation.

In the current work, we present pulse post-compression
of a TW class CPA laser in a gas-filled planar hollow
waveguide with up to 50 mJ input pulse energy. While
the waveguide throughput can be as high as 80%, the to-
tal efficiency of the compression setup currently is ~40%
(20 mJ), mainly limited by the apertures of chirped mir-
rors and vacuum windows. The compressed pulses are
characterized in terms of beam profile, focusability, and
pulse duration. We demonstrate the suitability of such
pulses for applications in high-field physics by perform-
ing HHG in a pulsed Ar gas cell. The harmonic cut-off
is significantly increased compared to that obtained with
longer driving pulses.

2 Experiments and discussion
2.1 Setup

The experimental setup is sketched in Figure 1. Pulses
of up to 50 mJ pulse energy at 10 Hz repetition rate
and duration of 45 fs, centered around 800 nm are fo-
cused with a cylindrical focusing mirror (f = 2 m) onto
the input of the planar hollow waveguide. The pulse en-
ergy can be adjusted by a A/2-plate and a polarizer in-
stalled before the grating compressor of the CPA chain.
The beam size before focusing is ~25 mm (FWHM).
The waveguide consists of two parallel, highly polished
glass slabs (Plan Optik) made of Borofloat with dimen-
sions 500 x 40 x 10 mm?® with a gap of 2¢ = 127 pm
between them. A homogeneous gap size is achieved by
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putting narrow spacers, made of a polycarbonate foil (Pre-
cision Brand), along the long sides of the waveguide.
This reduces the usable transverse aperture to ~36 mm.
The size of the gap is matched to the width of the line-
shaped laser focus at the waveguide entrance w, ~ 0.735a,
where wy, is the Gaussian beam size (1/e?); this condition
facilitates maximum coupling efficiency into the funda-
mental waveguide mode. We make the arbitrary choice in
the following to call the unguided (free) waveguide dimen-
sion the z-direction and the guided the y-direction. The
waveguide is located inside a gas cell with thin (2.2 mm),
broadband anti-reflection coated fused silica windows at
both ends. The gas cell is approximately 3 m long in or-
der to minimize detrimental nonlinear interaction with the
windows. After the gas cell, the output beam of the wave-
guide is collimated with an identical cylindrical mirror and
passed through a chirped mirror compressor. The beam
is then sent to a HHG setup and harmonic spectra are
recorded with a flat-field, XUV photon spectrometer [25].

The gas cell, in which the waveguide is located, can
be filled with Ar at pressures up to one atmosphere. The
waveguide throughput is higher than 80% in vacuum (86%
in theory), proving good coupling to the fundamental
mode. It does not decrease up to 400 mbar of Ar, indicat-
ing that losses due to ionization and nonlinear coupling to
higher order modes are small. Beyond 500 mbar the trans-
verse mode breaks up into a number of filaments, unusable
for pulse compression. At the same time, the throughput
drops, indicating increased losses due to stronger nonlin-
ear propagation effects and stronger ionization.

2.2 Spectral broadening, beam profile, and focusability

Figure 2a shows the spectra observed at the input and out-
put of the waveguide for pulse energy of 50 mJ in vacuum,
at 200, and 400 mbar of Ar. For the evacuated gas cell,
the spectrum slightly broadens, probably due to residual
parasitic nonlinear interaction with the windows. When
the gas cell is filled with 400 mbar of Ar, an about four-fold
increase of the spectral width is observed with the spec-
tral wings spanning from 700 to 900 nm. The broadening
is only slightly blue-shifted, identifying self-phase modu-
lation as the main source of spectral broadening with only
small contribution from plasma related blue-shifting [26].
The spectrum obtained at 400 mbar supports a transform-
limited pulse duration of 13 fs. The spectra were measured
at the center of the output beam. It should be noted that
along the unguided waveguide direction, spectral broad-
ening is strongest at the beam center and weaker at the
wings. Inhomogeneous spectral broadening leads to dif-
ferent transverse pulse duration after compression, with
the shortest pulse obtained at the beam center and longer
pulse duration at the wings. This effect was investigated
in detail in reference [24].

Transverse beam profile and focusability are impor-
tant criteria for pulse compression in planar hollow waveg-
uides. If the waveguide output is not focusable to a small
spot size, pulse post-compression will not result in an
increase of the peak intensity. As was discussed in de-
tail in reference [24], the focusability in the non-guided
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Fig. 2. (a) Spectra observed at the waveguide input (solid
black) and output (dashed black) for vacuum and for 200 (red)
and 400 mbar (blue) of Ar. (b) and (c) Focusability of the
guided (green) and free (blue) waveguide directions, illustrated
in terms of beam caustics for the waveguide under vacuum (b)
and 400 mbar of Ar (c). M>-fits are plotted in (b). The far-field
output mode from the waveguide and the near-field focal spot
after focusing with a f = 2 m lens are shown for the case of
vacuum in panels (d) and (f) and for 400 mbar of Ar in panels
() and (g).
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waveguide direction inevitably diminishes; first, due to
the transversely inhomogeneous spectrum and second, due
to a pulse front deformation resulting from the beam
center propagating slower (due to the Kerr-effect) than
the wings. The second effect essentially introduces an
astigmatism (to first-order approximation), which how-
ever can easily be compensated by translating the colli-
mating cylindrical mirror [24]. Finally, modulational in-
stability from one-dimensional self-focusing deteriorates
the mode along the unguided waveguide direction.
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The far-field output modes, recorded with a camera
at the position of the collimating cylindrical mirror, are
shown in Figures 2d and 2e for vacuum and 400 mbar of
Ar, respectively. A modulation along the unguided wave-
guide direction is evident for the latter case (Fig. 2e). With
increasing pressure of Ar the transverse mode further dete-
riorates and finally breaks up into a number of filaments
at =500 mbar, unusable for pulse compression. As self-
phase modulation and self-focusing are the spectral and
spatial manifestations of the Kerr-nonlinearity, transverse
beam break-up ultimately limits the maximum spectral
broadening and thus the shortest achievable compressed
pulse duration [24]. Modulational instability in principle
results from noise, but in practice starts from small im-
perfections in the transverse beam profile. To delay the
onset of break-up, the laser beam profile was spatially fil-
tered before the grating compressor of our CPA chain. The
sharp cuts at the sides of far-field output modes along the
unguided waveguide direction (Figs. 2d and 2e) originate
from clipping of the input beam at the waveguide spacers.

The focusability is investigated by focusing the beam,
after careful attenuation with reflections from uncoated
wedges, with a thin lens (f = 2 m) onto the chip of
a CCD camera. The camera is moved along the opti-
cal axis to record the focal spot in the vicinity of the
geometrical focus. The beam size is extracted from the
images by computing second order moments o ,. For
Gaussian beams 20, = w4, where wy , is the Gaussian
beam radius (1/e?). Figures 2b and 2c¢ show the beam
size 20, as a function of position for the guided and the
free waveguide directions for the evacuated waveguide (b)
and filled with 400 mbar of Ar (c). Indeed, the beam sizes
obtained by moment theory are very close to those result-
ing from fitting a Gaussian profile (not shown), indicating
that the focal spot is single-peaked and close to Gaussian
shape. The focusability in terms of a M?2-parameter is ob-
tained by fitting a parabola to the beam caustic (beam
size vs. propagation distance) [27]. For the case of vac-
uum, M7 ~ 1.28 and M7 ~ 1.32 in the guided and free
waveguide directions are obtained, respectively. For a fill-
ing pressure of 400 mbar of Ar, the focusability in the
guided direction remains approximately unchanged, while
in the free direction the minimum beam size increases by
a factor of ~1.6. At the same time, the focal position
moves towards the lens, exhibiting a slight astigmatism,
which however is easily removed by moving the collima-
tion mirror [24]. The near-field focal spots for vacuum and
400 mbar are shown in Figures 2f and 2g, respectively. It
can clearly be observed that the beam size remains ap-
proximately the same in the guided direction, while it in-
creases slightly in the free waveguide direction. It is inter-
esting to note that the transverse mode structure in the
far-field (Fig. 2e) does not reduce the focusable intensity
significantly, as was shown in reference [24].

2.3 Pulse duration measurement

The waveguide output is compressed using chirped
mirrors from Layertec and Venteon, respectively.
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phase (b) obtained from SPIDER measurement.

While ~40 mJ pulses are obtained at the output of the
waveguide (50 mJ at the input), the compressed pulse
energy available for experiments is ~20 mJ. The losses are
mostly due to clipping at the limited apertures of vacuum
windows and chirped mirrors. The compressed pulses
are characterized with a commercial, few-cycle SPIDER
(Venteon). Dispersion can be fine-tuned by transmitting
the beam through a pair of anti-reflection coated fused
silica wedges. Note that the wedges can only be put after
strongly attenuating the beam, otherwise filaments form
inside. Thus, for actual experiments with the waveguide
output, dispersion has to be coarsely adjusted by the
number of bounces from the chirped mirrors without fine
dispersion control.

Figure 3 shows a SPIDER measurement in optimized
conditions for 50 mJ pulse energy at the waveguide input
and 400 mbar of Ar. Individual measurements exhibit a
large spread in retrieved pulse duration due to shot-to-
shot pulse energy fluctuations, typical for low repetition
rate TW class lasers. We performed ten SPIDER mea-
surements, with retrieved duration spreading from 13.4 fs
to 17 fs; the average pulse duration was 14.3 fs. The re-
trieved spectral phase (Fig. 3b) is reasonably flat, indicat-
ing that the chirped mirror compressor is well suited to
compress the waveguide output. The pulse duration was
measured in the center of the beam. Due to less spec-
tral broadening, the compressed pulse duration becomes
longer towards the edges of the waveguide. It was shown
before, both experimentally and numerically, that for a
Gaussian transverse beam profile, about 70% of the com-
pressed pulse energy falls within a pulse duration interval
of 1.5 times the center pulse duration [24]. By translating
the conclusions from [24] to our current data, we can esti-
mate that the 20 mJ pulses available for experiments have
an average pulse duration of ~22 fs. By clipping the beam
along the free direction, one can select shorter pulses with
lower energy, e.g. ~14 mJ with an average pulse duration
of =17 fs.

2.4 High-order harmonic generation

After having demonstrated strong spectral broadening,
high throughput, good focusability, and sub-15 fs center
pulse duration, we used the compressed pulses to drive
high-order harmonic generation. In particular, we com-
pared the generated XUV spectrum with the one ob-
tained with longer pulses, circumventing the planar hol-
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low waveguide compressor, in similar conditions. HHG re-
quires high field intensity (exceeding 10* Wem™=2) and
thus serves as a sensitive measure to demonstrate that
post-compression with a planar hollow waveguide can pro-
vide short pulses, good focusability, and high field in-
tensity. HHG essentially is a strong-field effect and is
most easily explained by the semi-classical three-step
model [28]. The HHG spectrum is comprised of dis-
crete odd-order harmonics of the driving field frequency,
whereas the spectral width of individual harmonics de-
creases with increasing number of half-cycles contribut-
ing to harmonic generation. In the single-atom response
picture, the highest energy Fi,.x in a HHG spectrum is
related to the driving field intensity by the cut-off law
Emax = 3.17Up + Ip [29], where Up is the ponderomotive
energy (average energy of an electron in an AC field with
Up X Imax), Ip is the ionization potential of the gas, and
Iax is the peak intensity of the driving field. In our exper-
imental conditions, the cut-off energy is rather determined
by macroscopic phase-matching and propagation effects.

Strong ionization of the gas medium leads both to re-
shaping of the fundamental field due to plasma-defocusing
as well as to termination of HHG due to plasma-related
unfavorable phase-matching conditions. Thus generating
with shorter pulses, two main effects should be observed:
first, a broadening of the individual harmonics due to
fewer half-cycles contributing to the generation process
and second, a higher cut-off energy due to higher peak in-
tensity as well as due to plasma-related effects setting in
later for shorter pulses.

The compressed waveguide output is loosely focused
with a spherical mirror (f = 2 m) into an Ar gas
cell. Figure 4 shows HHG spectra obtained in two dif-
ferent situations, using long pulses =45 fs, circumvent-
ing the waveguide setup (blue), or using the waveguide
compressor with 400 mbar of Ar (red). The pulse en-
ergy in both cases is ~20 mJ and the beam sizes before
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focusing are comparable. With the waveguide compres-
sor the individual harmonics become broader and the
cut-off energy increases, indicating that the pulses are
significantly shorter and more intense. Furthermore, the
harmonics feature rich transverse spatial structure (see
inset), where each of the harmonics exhibits a spectrally
asymmetric ‘V’-shape with higher central frequency on-
axis as compared to the wings. Such behavior is not ob-
served with the long pulses. It might result from blue-
shifting of the fundamental on-axis due to high ionization
yield [30]. In addition, the transversely varying spectrum
and pulse duration of the waveguide output can poten-
tially lead to complicated spatio-temporal couplings in
combination with nonlinear propagation and the strongly
nonlinear dynamics of the HHG process itself [31]. Al-
though interesting in itself, a detailed interpretation of
the particular shape of the harmonics is beyond the scope
of this article.

3 Conclusion and outlook

In conclusion, we have demonstrated that planar hollow
waveguides can be used to post-compress typical TW
CPA lasers, which are currently operated in laboratories
around the world. In this work 50 mJ input pulses could
be compressed to a center pulse duration of sub-15 fs
with a total pulse energy of 20 mJ. The viability of the
scheme for applications in strong-field physics was proven
by driving high-order harmonic generation with the com-
pressed waveguide output. The total throughput is cur-
rently limited by the sizes of chirped mirrors and vacuum
windows. A carefully designed chirped mirror compres-
sor should in the future allow for 70% total energy effi-
ciency (waveguide-input-to-compressed-output). Further-
more, considering the transverse variation in compressed
pulse duration inherent to the planar hollow waveguide
scheme [24], pulse duration shorter than 1.5 times the
center pulse duration can be obtained with a total energy
efficiency of ~50%. Although we could not achieve pulse
durations significantly below 15 fs, the pulse energy range
presented here currently is and most likely will remain
not easily accessible with competing compression schemes,
such as hollow capillaries or filamentation. Furthermore,
the planar hollow waveguide still bears great potential for
energy up-scaling.

Up-scaling can most easily be discussed in terms of the
B-integral acquired by the beam during nonlinear propa-
gation inside the waveguide,

L
B = / ko[ (Z) nngdz ~ k‘o[o’ngPL (1)
z=0

where kg is the wavenumber at the carrier frequency, Iy is
the intensity at the waveguide input, no is the nonlinear
refractive index for Ar at atmospheric pressure, P is the
gas pressure in atmospheres, and L is the length of the
waveguide. For the current experiment, the B-integral ac-
cumulated in the waveguide is B ~ 8. While a higher
B-integral would lead to stronger spectral broadening,
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inevitably the transverse beam profile would break into
filaments, resulting in an unusable beam. Consequently,
energy up-scaling must be achieved, while keeping the
B-integral constant. Increasing the beam size in the un-
guided direction and using larger waveguides provides a
trivial way to up-scale the pulse energy. Further control
knobs are intensity, pressure, length of the waveguide, and
type of gas. The intensity however should be kept below a
level of strong ionization (~=7x 10" W c¢m™? in the current
experiment) to avoid plasma-related absorption and non-
linear coupling to higher waveguide modes. For Ne and
He as filling gases the pulse energy can be increased by
factors of ~3 and =5, respectively, while keeping similar
relative ionization [32]. The lower nonlinearity (=7 times
for Ne and ~33 times for He) has to be compensated by
higher pressure inside the waveguide. Considering the de-
grees of freedom sketched above, an up-scaling to input
pulse energies in the range of hundreds of mJ seems fea-
sible, offering a possibility to expand the concept of pulse
post-compression to lasers with tens of TW peak power.
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