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Abstract: We experimentally demonstrate the post-compression of radially polarized 25 fs
pulses at 800 nm central wavelength in a multiple thin plate arrangement for the first time, to
the best of our knowledge. Sub-7 fs pulses with 90 pJ energy were obtained after dispersion
compensation, corresponding to a compression factor of more than 3.5. Preservation of radial
polarization state was confirmed by polarized intensity distribution measurements. Linear
projections of the radially polarized pulses were also fully characterized in the temporal domain.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Radially polarized beams are of great interest because of their exotic characteristics. Such beams
can be tightly focused with a longitudinal electromagnetic field component [1], which is beneficial
for many applications including laser micro-machining, particle acceleration, and plasmonic
focusing [2—4]. Radially polarized beams composed of few-cycle pulses are more attractive for
scientific applications, such as the generation of radially polarized isolated attosecond extreme
ultraviolet pulses through high-order harmonic generation in gases [5] or low divergence MeV
electron bunches via millijoule level laser-driven acceleration in micro-size parabolic plasma
channels [6].

Nonlinear post-compression of radially polarized pulses in a hollow-core fiber (HCF) has been
investigated both theoretically and experimentally [7,8]. Sub-3-cycle pulses with 60 pJ energy
and radial polarization were achieved at 1.8 um central wavelength by using an HCF filled with
krypton gas [8]. Efficient post-compression of linearly polarized pulses down to single-cycle
duration has been demonstrated by spectral broadening through a sequence of multiple thin plates
[9-11]. In contrast to the HCF compression technique, the multiple thin plate approach does
not require sophisticated beam coupling arrangements or vacuum apparatus at energies in the
few-hundred pJ range. Post-compression in a sequence of thin plates has not yet been investigated
with driver pulses different from linear polarization.

Here, we present the first experimental results on nonlinear post-compression of radially
polarized laser pulses using the multiple thin plate technique, to the best of our knowledge.
Spectral broadening through 5 pieces of thin fused silica plates resulted in a sub-7 fs compressed
pulse duration and 90 uJ pulse energy. Our experimental setup was realized in ambient air,
by which no vacuum apparatus was utilized. The compressed radially polarized pulses were
analyzed in both the temporal and spatial domains.
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2. Experimental setup and results

Our experimental thin-plate post-compression setup was driven by the HF-100 frontend of the
High Field Laser of ELI-ALPS, which is a hybrid chirped pulse amplification (CPA) system
from Amplitude Technologies [Fig. 1]. The seed pulses are produced through supercontinuum
generation from 500 fs pulses of an Yb:YAG thin-disk laser. The supercontinuum pulses are
amplified in several parametric amplification stages, producing microjoule level output with high
temporal contrast and 25 fs pulse duration around 800 nm central wavelength. These pulses are
then amplified in a Ti:Sapphire-based CPA with two amplifier stages, resulting in 25 fs pulses
with 8 mJ energy at 100 Hz repetition rate.
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Fig. 1. Schematic of the pump source and multi-plate post-compression setup. TD stands
for thin-disk, QP for a four-quadrant waveplate, SFM1 and SFM2 for focusing mirrors with
focal length of 1 m for the spatial filter, PH for pinhole, I1 and 12 for irises, FM1, FM2 and
FM3 for focusing mirrors of the nonlinear broadening stage, FS for fused silica plates, WG
for wedge pair, CM for chirped mirrors, TFP is the rotatable thin film polarizer pair used in
transmission mode, and FLM is a flip mirror. Inset: photo of the four-quadrant waveplate.

In order to prevent ionization in air at the focus within the setup, the pulse energy sent into the
post-compression setup was limited to 320 uJ. The input pulses with linear polarization were
sent through a 4-segment waveplate in order to transform the linearly polarized beam into a
composite beam with four sections. A hard aperture located before the waveplate (I1 in Fig. 1)
was used to tune the focal spot size (0.35 mm diameter at 1/e> peak intensity level), while the
pulse energy was measured to be 200 uJ just after the QP with a beam diameter of 8 mm. The
polarization direction in each section of the composite beam gets rotated to different direction,
indicated by the red arrow in the inset of Fig. 1. This composite beam can be further shaped
into a radially polarized beam using a pinhole with diameter of 400 um (I2 in Fig. 1) at the far
field. The truncated beam was focused in air using a concave mirror with a focal length of 1 m.
The spectral broadening induced by self-phase modulation (SPM) and self-steepening (SS) was
achieved in a sequence of five thin fused silica plates of identical 150 um thickness. The first
three thin plates were positioned near the first beam focus, with 50 mm distance between the
plates. Compression of the input pulses was optimized at the first thin plate by using the Dazzler
(Fastlite) in the CPA system up to the fourth dispersion order. After propagating through the first
three plates, the diverging beam was refocused by a second concave mirror with a focal length of
0.5 m. The last two thin plates were placed around the second focus, with 40 mm separation
in order to obtain sufficiently high peak intensity for further spectral broadening. In contrast
to the case of linear polarization, the angle of incidence on the plates was kept close to 0° to
avoid polarization-dependent surface reflection losses. The spectrally broadened pulses were
collimated by a third spherical mirror with a focal length of 0.5 m, then sent into the compressor
consisting of a fused silica wedge pair, and a set of chirped mirrors with a dispersion of -40
fs? per bounce from 550 nm to 950 nm (Ultrafast Innovations GmbH). Within the optical path
between the QP and theTFP, the radially polarized beam was always close to normal incidence
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onto each reflective optics, i.e. reflective mirror or chirped mirror, to avoid the degradation of the
polarization state introduced by reflection.

Linear polarization projections of the compressed pulses were characterized using a Wizzler
USP (Fastlite) device placed after a rotatable thin film polarizer (TFP) used in transmission
mode. Spectral broadening was also measured separately using a high bandwidth spectrometer
(AvaSpec-3648, Avantes) for comparison. The spatial beam profile was characterized with a
CCD camera (PIKE F-145C, Allied Vision).

Evaluation of the beam profiles after the TFP is necessary in order to verify that the radial
polarization of the post-compressed pulses is preserved, i.e. the newly generated frequency
components possess the same polarization state. The beam profiles measured by a CCD camera
are shown in Fig. 2 when a spatial fitler was employed before the QP (showed in Fig. 1). One
can see in Fig. 2(a) the beam without the TFP in the beam path, which resembles the doughnut
intensity distribution. The beam profiles after the TFP are shown in Fig. 2(b)-(d). A double-lobe
structure can be observed when the TFP is aligned at three different angles, i.e. 0°, 90° and 45°
with respect to the incident (horizontal) plane of polarization [12].
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Fig. 2. Spectrally broadened beam profiles measured with a spatial filter located before the
four-segment waveplate: (a) before the TFP, and after TFP aligned horizontally (b), vertically
(c), and at 45° (d).

The beam quality of the post-compressed pulses was highly dependent on the input beam
quality on the QP. This is illustrated in Fig. 3: here, when the spatial filter before the QP is
removed, the doughnut intensity profile without TFP and the double-lobe structures measured
with TFP all became more asymmetric compared to the profiles shown in Fig. 2. In addition
to that, high order spatial mode components other than the radially polarized ones emerge and
continuously evolve during the nonlinear propagation, manifested by the complex intensity
distribution adjacent to the main beam. It is worth mentioning that the use of a spatial filter
before the QP introduced modulation at the blue wing of the broadened spectrum because of the
ionization of the air in the focus of the spatial filter [13], which can be avoided by using concave
mirrors of longer focal length in the spatial filter if there is enough space on the optical table.
Therefore, the characterization of the spectral and temporal properties of the compressed pulses
was performed with the pulses depicted in Fig. 3 to exclude the air-ionization induced effect.

Figure 4 compares the broadened spectra measured after the TFP at different orientations
compared to the input spectrum on a logarithmic scale. The spectra measured at different
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Fig. 3. Beam profiles of post-compressed pulses measured when removing the spatial filter
located before the four-segment waveplate: (a) without thin plates, (b) with thin plates.
Spectrally broadened beam profiles after the TFP aligned: (c) horizontally, (d) vertically, (e)
at 45°, respectively.

polarization directions possess very similar features, especially at the red and blue wings, and
the moderate difference is attributed to the spatial intensity distribution imperfections of the
input beam profile [Fig. 3(a)]. A broadening factor of more than 3.5 was achieved for all TFP
orientations. The red side of the spectrum at 950 nm and the blue side at 550 nm at the normalized
intensity level of 1073 is cut by the finite bandwidth of the chirped mirrors (indicated by grey
dashed lines in Fig. 4) used for temporal compression before the TFP. The stronger spectral
broadening towards the blue side is characteristic for SS. It also needs to be mentioned, that a
non-negligible spectral broadening is already visible without the plates (Input, Fig. 4), which is
due to SPM generated in air in the close vicinity of the first focus.
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Fig. 4. Measured broadened spectra with TFP aligned horizontally (blue line), 45° (orange
line) and vertically (yellow line). The grey line represents the spectrum wihout thin plates
inserted in the beam path, measured at the same position. The vertical grey dashed lines
indicate the bandwidth limitations of the chirped mirrors.

Temporal characterization of the linear projections of the radially polarized pulses was
performed after the TFP and an aperture. The latter was used to select out the core area of the
beam. Figure 5 shows the spectral intensity distribution (solid blue lines) and the spectral phase
(solid orange lines) retrieved by Wizzler, where the orientation of the polarizer was tuned to be
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horizontal, vertical and 45°, respectively. The corresponding pulse durations are 6.9 fs, 6.8 fs
and 6.5 fs FWHM, which were calculated based on the retrieved spectral intensity and phase
[Fig. 5(d)]. Reliability of the Wizzler measurement was verified with measurements done with
the separate spectrometer [gray dashed lines in Fig. 5(a)-(c)], which are comparable to the ones

retrieved from the Wizzler measurement.
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Fig. 5. Results of temporal characterization of the post-compressed pulses after the TFP for
three polarization directions: horizontal (a), vertical (b) and 45° (c). Spectral intensity (W)
and phase retrieved from the Wizzler USP measurement (blue and orange lines respectively).
Spectral intensity measured by the separate Avantes spectrometer (gray dashed lines, S).
Temporal intensity profile of the retrieved pulses (d) for the horizontal (H), vertical (V) and
45° (45) polarization directions.

The pulse energy after compression was measured to be 90 pJ, indicating an overall transmission
efficiency of about 45%. Post-compression of linearly polarized pulses with a thin plate
arrangement is known for its high transmission, because the reflection losses are kept low by
setting the angle of incidence on the plates close to the Brewster angle. In our experiment
the beam was normally incident on the thin plates, introducing high Fresnel losses due to the
uncoated plate surfaces. The transmission efficiency is 70.6% after propagating through the 5
thin plates, and additionally the pinhole aperture at the first focus further removed part of the
energy from the pulses to improve the beam quality. Therefore, the pulse energy dropped to 120
W before the temporal compression setup and decreased further to 90 uJ after compression with
an aperture before the energy meter to exclude the exterior part of the beam.

3. Simulation results

To get a deeper understanding of the spectral broadening process we performed numerical
simulations using a 3 + 1D code, in which beam propagation (diffraction), SPM, self-focusing,
SS and dispersion of the nonlinear material are included. The details of the simulation can be
found in [14] and the nonlinear refractive index of fused silica was set to 2.3-1071¢ cm?/W [15].
The spatio-temporal beam profile at the first thin plate was obtained numerically by assuming a
Gaussian input spectrum, while taking a flat-top beam profile after the hard aperture. The peak
intensity at the first plate was found to be 9.4 TW/cm?, obtained from numerical simulation and
we assumed an ideal radially polarized beam profile to simplify the simulation. The results are
shown in Fig. 6, where it can be seen in Fig. 6(a) that the B-integral in each thin plate is already
high enough to create a background around the main beam (the intensity distribution beyond
+0.25mm). This also explains the energy loss when the energy was measured after compression
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(before the Wizzler). The spectrum at the position of maximum intensity is compared to the one
measured after the S plate in Fig. 6(b). The simulated spectrum agrees well with measurement.
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Fig. 6. Simulated spatio-spectral intensity distribution with the experimental parameters
after the 5 thin plate (a). Comparison between the simulated spectra (b) after three thin
plates (P3), five plates (P5), fundamental (In), and measured after five plates (M).

4. Discussion

The duration of the radially polarized pulse can be further shortened by introducing higher
nonlinear phase, via increasing the thickness of the thin plates. However, the larger B-integral
accumulated in a single plate will spread the pulse energy away from the central spatial lobe
and therefore enhance the spatio-spectral couplings. The alternative is to increase the number of
thin plates, however, it is not straightforward for radially polarized pulses due to the increased
reflection losses at normal incidence. The spatial Kerr effect for a linearly polarized pulse with
Gaussian spatial profile results in self-focusing, which is helpful to maintain a quasi-constant
intensity for effective nonlinear broadening in several consecutive thin plates without using
additional focusing elements. However, the spatial Kerr effect for radially polarized pulses would
rather decrease the annular diameter of the doughnut intensity profile, while the outer diameter of
the doughnut profile is increased due to the diffraction effect. Therefore, additional focusing optics
are needed to provide sufficient intensity to achieve noticeable spectral broadening. This is one of
the reasons, why the radially polarized pulses were focused twice in our arrangement. Moreover,
the multiple focusing configuration can serve as a quasi-waveguide, which is beneficial both
for the mode preservation and the transmission efficiency. The refocusing can be implemented
with protected metallic coatings (e.g. protected silver mirrors), which feature broad reflection
bandwidth and low dispersion [16].

To overcome the reflection losses due to working at normal incidence, anti-reflective coatings
can be applied. For instance, a silica sol-gel coating or single dielectric layer coating could be
applied to suppress the Fresnel losses from the interfaces. The damage threshold of nano-porous
anti-reflective silica thin film coatings for pulses of 35 fs duration already reaches 3 J/cm?”
[17], while according to a recent experimental study, the damage threshold of a single-layer
anti-reflective coating is 0.8 J/cm? for 8 fs pulses [18]. Therefore, the anti-reflective coating
could withstand peak intensities around 10 TW/cm? for the configuration used in our work. The
thermal effect on the damage threshold at 100 Hz repetition rate can be considered negligible. On
the other hand, if the repetition rate is increased to 100s of kHz, the thermally assisted damage
mechanisms will decrease the damage threshold of the coatings [19]. This problem can be greatly
mitigated by continuously rotating or translating the thin plates.

The HCF post-compression technique has shown great potential to routinely provide few-cycle
linearly polarzied pulses by nonlinear spectral-broadening, by which single-cycle pulse duration
is possible to achieve [20,21]. Pulse energy has been scaled up to a-few tens of millijoule [22],
and the average power reaches beyond 300 W by active cooling [23] with this technique now.
The application to radially polarized beams has also been studied [8]. Regarding the technique of
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multiple thin plates, millijoule level linearly polarized pulses in the single-cycle regime have
already been demonstrated, and no physical obstacles are foreseeable in achieving single-cycle
pulse radially polarized pulses with similar energy. The pulse energy can be scaled up with
larger setups, similar as the HCF technique. Considering the average power, solid plates with
low absorption and good thermal characteristics (e.g. fused silica) can be employed for high
average power systems. For instance, post-compression at average power of 300 W has been
realized based on fused silica plates with 12 mm thickness [24]. Therefore, the technique based
on multiple thin plates can perform comparably to HCF from the aspects of pulse energy, pulse
duration and average power. In addtion, multiple thin plates schemes are generally simpler
compared to the HCF technique and can potentially provide higher transmission efficiency when
adequate anti-reflective coatings are used. Spatio-temporal couplings are, on the other hand,
of concern in case of the multiple thin plate method, as these highly dependent on the spatial
intensity distribution of the initial pulses. High energy pulses in the Joule level could be spectrally
broadened in thin plates in the near field, especially using Super-Gaussian beam profiles to keep
the broadening uniform across the beam cross-section.

5. Summary

In conclusion, we have experimentally demonstrated the feasibility of the multiple thin plate
post-compression of radially polarized 25 fs pulses around 800 nm wavelength and achieved
sub-3-cycle post-compressed pulse durations, corresponding to more than 3.5 times pulse
shortening. The pulse duration can be further shortened towards the single-cycle with additional
thin plates and focusing optics, while the energy loss from the Fresnel reflection on the thin
plate surfaces can be greatly reduced using high damage threshold anti-reflective coatings. The
setup of this technique is simple and adaptable to single-cycle millijoule pulses with high average
power. Upscaling of the pulse energy to multi-mJ level seems feasible by enlarging the setup
and by housing the experiment under vacuum in order to mitigate nonlinear effects in air. The
experimental results of this work provide preliminary demonstration of the generation of few-cycle
radially polarized pulses and further investigations are scheduled to improve the performance.
This technique may provide a potential route to generate few-cycle radially polarized pulses for
the study of high-field light-matter interactions.
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