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Abstract: We demonstrate pulse shortening of 1-ps Yb:YAG thin-disk
regenerative amplifier to 500 fs by cross-polarized wave generation (XPW)
in a 6 mm BaF2 crystal. The process is self-compressed and has 8.5%
conversion efficiency corresponding to 18 µJ energy.
√ Our theoretical and
experimental investigation shows that the factor of 3 spectral broadening
and pulse shortening in ps-XPW-generation only happens in unsaturated
regime. We demonstrate that the initial spectral chirp affects the spectral
broadening and pulse shortening of XPW pulses.
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1.

Introduction

Lasers based on Yb-doped materials are spreading in the laboratories around the world due
to their cost-effectiveness, robust and turn-key performance, scalability in power and energy,
and their emission wavelength near 1 µm. With the central wavelength longer than Ti:Sa laser
technology, Yb-doped lasers hold promise to overtake the performance of Ti:Sa lasers in several
fields such as spectroscopy, high-field physics and attosecond science. However, Yb:YAG lasers
contrary to Ti:Sa lasers, support longer pulse durations: few-ps in high-energy regenerative
amplifiers [1–6] and several-hundreds of fs in oscillators [7, 8].
This aspect becomes crucial, when considering them as a pump source for optical parametric chirped pulse amplifiers. Here a major requirement for developing few-cycle OPCPA
systems based on Yb:YAG amplifiers, is the availability of broadband seed pulses. Heretofore,
this barrier was tackled by using a low-energy broadband spectrum from a Ti:Sa oscillator [9]
or additional spectral broadening of a Ti:Sa amplifier in a hollow-core-fiber or bulk [10, 11].
These concepts can be followed in Yb:YAG-pumped-OPCPAs by using a Ti:Sa oscillator to
seed the amplifier and OPCPA chain simultaneously [1] , or by using a Yb:YAG oscillator as
the front end with an additional spectral broadening stage [12]. However the complexity of the
system will be greatly reduced if the broadband seed of OPCPA can be directly generated from
the OPCPA pump source [13, 14].
Spectral broadening of ps-pulses based on self-phase-modulation (SPM) in hollow-core-fiber
is shown to be unstable [15] and in kagome type hollow-core-fibers [16] or large-mode-area
waveguides [17] the input pulse energy is limited to 1 µJ. These systems are complex and
alignment sensitive, and moreover, the polarization of broadened pulses degrades in the second
case. Alternatively, filamentation in bulk, is not a straightforward and possible approach for
ps-pulses as the material damage threshold and critical peak power for ps-driven continuum
generation in bulk are of the same order of magnitude. Therefore direct, broadband seed generation from ps-Yb-doped lasers will greatly benefit from a simple approach, which is scalable
in terms of input energy, to shorten ps-pulses down to hundreds of fs.
Cross-polarized wave (XPW) generation [18] is a degenerate four-wave mixing process,
where the interaction of intense, linearly polarized light with a nonlinear medium results in
the generation of a pulse with orthogonal polarization with respect to the input pulse. The nonlinear medium has to have an anisotropic third-order nonlinearity and typically an isotropic
linear index. Due to the temporal intensity filtering of the input pulse, the temporal contrast
of the XPW pulse is enhanced, its spectral intensity becomes smoother and the spectral bandwidth increases [19]. Unlike SPM, the generated XPW signal can be shorter than the input
pulse. For few-fs input pulses, the conversion efficiency and spectral broadening of the XPW
pulse is greatly affected by the material’s dispersion. Dispersion chirps the input pulse and results in a narrower XPW spectral bandwidth. Therefore, the crystal must be thin, which limits
the conversion efficiency.
For input pulses of several-hundreds of fs- or ps-duration, material dispersion does not play a
critical role and thicker crystals can be used. Nevertheless the lower damage threshold intensity
of material for longer pulses [20] limits the conversion efficiency. So far XPW is mostly used
as a technique for increasing the temporal contrast of ultrashort pulses and its great potential as
an self-compressed pulse-shortening technique, is overlooked.
In this paper, we address this aspect of XPW for ps-long pulses. We perform a full theoretical
and experimental investigation on XPW generation from depleted and undepleted 1-ps pulses.
In addition we demonstrate that the pulse-duration of the XPW pulse is influenced by the initial
spectral chirp of the input pulse for pulses with several-hundred fs duration [21].
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Fig. 1. (a) Simulated conversion efficiency and energy of the XPW signal versus crystal
length for 1-ps input pulses in a 6-mm-thick BaF2 crystal. Inset: the same parameters shown
for an 11-mm-thick crystal. (b) Temporal evolution of the XPW signal and its Fourier
transform limit pulse duration versus crystal length.

2.

Theory

We chose BaF2 as the nonlinear medium for XPW generation due to its high χ(3) anisotropy
value which allows for good conversion efficiency. Moreover the isotropic linear optical properties of BaF2 allow perfect group velocity matching along the propagation axis and a perfect
spatial overlap of the cross-polarized waves. The crystal also has a wide transmission range
from 200 nm to 11µm [22, 23].
Using the slowly evolving envelope approximation, the following coupled wave equations
for XPW can be derived:
−i

dA
= γ1 AA∗ A + γ2 AA∗ B + 2γ2 AA∗ B + 2γ3 AB∗ B + γ3 BBA∗ + γ4 BB∗ B,
dξ

(1)

−i

dB
= γ5 BB∗ B + γ4 BBA∗ + 2γ4 ABB∗ + 2γ3 ABA∗ + γ3 AAB∗ + γ2 AA∗ A,
dξ

(2)

where A and B are the complex amplitude of the input and XPW signal, respectively. ξ is the
propagation direction. γ1 and γ5 describe SPM; γ3 cross-phase modulation (XPM); and γ2 and
γ4 describe XPW [24].
To study the XPW generation of ps-pulses theoretically, the coupled wave equations are
solved using a split-step method [25]. The pulse is propagated in the nonlinear medium in the
slowly evolving envelope approximation. We considered cylindrical coordinates with the assumption of radial symmetry. Dispersion and diffraction were taken into account. We assumed
an input pulse with a Gaussian spatiotemporal profile, and the pulse duration of 1 ps (FWHM)
at 1030 nm. The pulse was propagated in a 6 mm-thick, [011]-cut, BaF2 at a peak intensity of
400 GW/cm2 , where the χ(3) is assumed to be 1.59×10−22 m2 /V 2 [26]. The coefficients of the
coupled-wave equations were taken from [27].
Conversion efficiency and temporal evolution of XPW versus crystal length are shown in Fig.
1(a) and (b), respectively. It can be seen clearly, up to 1 mm propagation length in the crystal,
#259464
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Fig. 2. a) Calculated pulse duration and its Fourier transform limit for different cases explained in the text. b) According spectra and group-delay dispersion after 6 mm propagation.

√
that the XPW pulse is shorter by a factor of 3 compared to the input pulse and stays close
to the Fourier transform limit. As the conversion efficiency increases, the duration of the XPW
pulse deviates from its temporal Fourier transform limit rapidly, however its Fourier transform
limit decreases to support even shorter pulse duration.
At 10% conversion efficiency, the XPW pulse duration is twice its Fourier transform limit. It
should be mentioned that the input pulses at this stage are still not depleted. The process reaches
saturation in a 11-mm-thick crystal at 23% efficiency (Fig. 1-inset) and supports 173 fs Fourier
transform limited pulses. As the dispersion of a 6 mm-thick-BaF2 on pulses with hundreds of fs
is negligible, the observed spectral chirp of the XPW pulses at efficiencies higher that 2% could
not be caused by dispersion solely. Therefore we performed a series of simulations to find the
origin of the induced phase on the XPW pulse.
To investigate the role of SPM, XPM, and XPW on the spectral phase of the generated pulse
with orthogonal polarization, their corresponding coefficients in the coupled wave equation
were set to zero, individually. For all cases reported below, the generated cross-polarized pulse
has the spectral width of 2.73 nm (FWHM) over
√ the first 3 mm of the crystal. This value corresponds to spectral broadening by a factor of 3 for an input spectrum with spectral bandwidth
of 1.58 nm. After 3 mm propagation and at the efficiency of 2.5% the spectrum evolves differently. We considered the following cases:
Case A: all third-order nonlinear effects are taken into consideration. In this case the spectrum broadens uniformly by a factor of 2.7, from 1.58 nm (FWHM) to 4.25 nm (FWHM) spectral width after 6 mm propagation in the crystal with 10% conversion efficiency.
Case B: only XPW is considered. Therefore γ1 , γ3 , and γ5 were set to zero. Here the conversion efficiency decreases to 6.6% and the spectral bandwidth over the crystal thickness stays
nearly constant.
Case C: taking into account XPW and SPM results in spectral broadening by a factor of 1.7
to 2.77 nm (FWHM) and conversion efficiency of 5.3%.
Case D: we just considered XPW and XPM in this case which results in spectral broadening
by the factor of 1.5 to 2.39 nm (FWHM) and the conversion efficiency of 3.8%.
Comparing spectral broadening and spectral chirp of cases B, C, and D in Fig. 2 shows that
the largest spectral broadening and spectral chirp corresponds to case C and D, respectively. By
setting γ1 and γ5 to zero alternatively, we observed that the SPM of the XPW pulse has the main
contribution on spectral broadening and spectral chirp compared to SPM of the input pulse.
Our simulation results indicate that the additional spectral broadening for XPW is caused by
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Fig. 3. Linearly polarized input pulses from a Yb:YAG, thin-disk amplifier are focused to
a 6-mm-thick BaF2 to generate cross-polarized waves (XPW). XPW pulses are separated
from input pulses using a thin-film polarizer (TFP) and later compressed to their Fourier
transform limit in a pair of dielectric gratings. For the case of the cascaded XPW stages,
explained in the main text, the XPM beam is focused one more time into a 6 mm BaF2
crystal. Another TFP is employed to separate the generated from the incident pulse.

interplay of SPM of the XPW pulse and XPM, as at higher efficiencies the peak intensity of
the XPW is large enough to initiate these processes. Investigating the spectral phase in each
case shows that the introduced group-delay dispersion (GDD) to the generated pulse in case
B is zero and the pulse stays Fourier transform limited during its propagation in the crystal.
However the other three cases influence the GDD of the pulse in the same manner. Performing
simulations without diffraction and dispersion yields the same results.
Therefore we concluded, high efficiency in XPW process comes at the expense of an additional spectral chirp. In the next section we demonstrate the self-compressed pulse shortening
of 1-ps pulses in a simple XPW stage. Additionally we show that spectral chirp of the input
pulse affects the spectral broadening of the XPW pulses. This is consistent with the theoretical
estimation of previous reports [21].
3.

Experiment

The experimental setup is shown in Fig. 3. A Yb:YAG thin-disk regenerative amplifier with
20 mJ, 1 ps pulses at 5 kHz repetition rate [28] is used as the front end of the system.
For this study we used 210 µJ of the total energy of the amplifier. The input energy to the
XPW setup was adjusted by using an attenuator consisting of a thin-film polarizer (TFP) and
a λ /2-plate. A lens with a focal length of 750 mm was used to focus the beam. A 6-mm-thick
BaF2 crystal with holographic cut, was placed at the focus. As addressed in the introduction, the
damage threshold of materials is inversely proportional to the square root of pulse duration [20].
Therefore we performed a study to estimate the damage threshold peak intensity for BaF2
crystal when irradiated with 1-ps pulses. We observed two damage mechanisms: instantaneous
damage, and thermal damage due to nonlinear absorption in the crystal.
When irradiating the crystal at 400 GW/cm2 peak intensity no immediate damage was ob#259464
© 2016 OSA
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Fig. 4. Input pulse (a) and XPW pulse after each stage (b,c). Left: Measured and retrieved
FROG spectrograms. Gerror : 2.8 × 10−3 , Gerror : 5.9 × 10−3 and Gerror : 5.0 × 10−3 respectively. Right: Retrieved time envelopes (red line), intensity spectra (blue line), and spectral
phases (blue dashed line).

served. Nevertheless for operation longer than 5 minutes, the crystal was locally damaged.
Therefore we chose peak intensity below this value and in addition we placed the BaF2 crystal
approximately 30 mm after the focus. This configuration is beneficial as the divergence of the
input beam compensates for the self-focusing of the beam in the BaF2 crystal. Therefore the
peak intensity on the XPW crystal could scale up to 300 GW/cm2 . An anti-reflection coated
TFP with RP < 2% is used to separate the s-polarized XPW beam from the p-polarized input
beam. To enhance the contrast ratio, a nanoparticle linear film polarizer (Thorlabs LPVIS100)
is placed after the TFP and aligned to transmit the s-polararized beam. At 210 µJ input energy,
18 µJ XPW signal was generated corresponding to an efficiency of 8.5%.
For temporal characterization of the XPW pulses, a home-built frequency resolved optical
gating system based on second harmonic generation (SHG-FROG) containing a 100 µm thick
BBO crystal was used. Figure 4(a) and Fig. 4(b) shows the FROG spectrograms and their
retrieved counterparts for the input and the XPW pulses, respectively. It can be clearly seen
that the XPW pulse is shortened to 537 fs (FWHM) corresponding to the broadening of the
spectrum from 1.6 nm to 3 nm. The measured pulse duration is slightly longer than the 398 fs
Fourier transform limit of the measured spectrum, indicating the presence of spectral chirp on
the XPW pulses. As it was shown in the previous section, the interplay between SPM and XPM
leads to additional spectral broadening of the XPW signal and spectral chirp.
We estimated group delay dispersion (GDD) of 6×104 fs2 by calculating the GDD from
the retrieved spectral phase of the XPW pulse. A pair of dielectric transmission gratings with a
groove density of 1000/mm and 93% throughput in a single-pass configuration was used, which
resulted in pulses with 404 fs duration (FWHM).
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Fig. 5. Second XPW stage: a) Time envelope of the XPW pulse for a chirped (solid blue
line) and a compressed (solid green line) input pulse. The dashed lines denote the spectral phase, respectively. The solid red line shows the Fourier transform limit of the XPW
pulse for a compressed input pulse. b) Calculated broadening factor for input pulses with
increasing group delay dispersion.

As discussed in the previous section, spectral chirp of the input pulse influences the pulse
shortening and spectral broadening of the XPW process even for pulses with several hundreds
of fs pulse duration. To study the effect of spectral chirp, the generated XPW beam was focused
to another 6 mm-thick BaF2 placed 5 mm behind the focus of a convex lens with the focal length
of 100 mm (Fig. 3(c)). Tighter focusing was necessary to reach 150 GW/cm2 peak intensity on
the second crystal as the output of the first stage in our setup was limited to 18 µJ. The beam
size on the crystal was 140 µm. Similar to the first stage a TFP was employed to separate the
generated and the incident beam.
We deliberately operated the second stage at low conversion efficiency of 3%, corresponding
to 500 nJ of energy, to isolate the observed effect of the chirped input pulse from the spectral
chirp caused by operating at higher efficiencies.
Figure 4(c) shows the pulse shortening of the second XPW stage to 326 fs without any compression in between the two stages. For input pulses with nearly zero spectral phase the generated XPW at the second stage is 244 fs (FWHM) close to its Fourier transform limit. The XPW
pulses in this case, have 25% shorter duration and 18% broader spectral bandwidth (Fig. 5(a))
which is in a good agreement with our simulation.
For detailed study, we measured the spectral phase of the first XPW stage at different conversion efficiencies. Figure 5(b) shows the calculated influence of the measured spectral phases
on the XPW pulses at the second stage. It can be clearly seen that operating the first XPW stage
at higher conversion efficiencies results in higher spectral phase which reduces the spectral
broadening at the second stage.
4.

Conclusion and outlook

We report on the generation of 500 fs, 18 µJ pulses, from a 1-ps, Yb:YAG thin-disk regenerative
amplifier by employing XPW generation. Our theoretical and experimental study shows that
for ps-input pulses at a conversion efficiency of about 3% the generated XPW pulse is selfcompressed and shortened by a factor of 1.7. However at higher efficiencies the generated
pulse becomes chirped. We showed theoretically that this chirp originates from an interplay
between SPM and XPM, enabled by higher XPW intensities at higher conversion efficiency.
Additionally our study confirmed that the initial chirp of input pulses longer than hundreds of
#259464
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fs also affects the XPW process and results in less spectral broadening.
In conclusion, we demonstrated XPW as a powerful and simple technique for pulseshortening of ps-pulses. XPW pulses have excellent temporal contrast, excellent beam profile, and uniform spectrum over the entire spatial profile of the beam. The self-compression of
XPW pulses at lower conversion efficiencies eliminates the need for any additional compression stage, while the energy and power scalability of this technique is assured by availability of
BaF2 crystals in large aperture, and its good thermal properties [29], alternatively.
XPW as an initial pulse-shortening step is crucial for direct generation of a stable, octavespanning spectrum [30–32] from high-energy, 1-ps Yb:YAG amplifiers. The generated broadband spectrum in this way is intrinsically synchronized with the amplifier’s pulses and can be
used to seed high-energy few-cycle OPCPA chains, eliminating the need for temporal pumpseed synchronization systems [13, 14].
In addition, the unconverted portion of the energy after the XPW stage at low efficiencies
maintains its excellent spatiotemporal quality unlike the case of SPM and the other third order
processes. This residual energy can be reused to pump the OPCPA stages later, leaving the total
efficiency of a system consisting of XPW, the seed generation setup and the OPCPA stages in
the same order of the OPCPA’s conversion efficiency.
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