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Abstract: We present a high power optical parametric oscillator (OPO) synchronously pumped
by the second-harmonic of a modelocked 1030-nm thin-disk laser (TDL) oscillator. The OPO
delivers an average power of 51.1 W around degeneracy (1030 nm) with a 10.2-MHz repetition-
rate. After extra-cavity dispersion compensation using dispersive mirrors, we obtain a pulse
duration of 169 fs, which is 4.6× shorter than the TDL pulse duration of 770 fs. The TDL
has 250 W average power, which is converted to 215 W at the second-harmonic. Hence, the
OPO exhibits a high photon conversion efficiency of 47% (ratio of signal photons to 515-nm
pump photons). Moreover, the OPO generates a peak power of 26.2 MW, which is very similar
to the 28.0-MW peak power of the TDL. To facilitate continuous tuning around degeneracy
and convenient extraction of the pump and idler beams, the OPO is operated in a noncollinear
configuration. A linear cavity configuration was chosen since it offers easy alignment and
straightforward cavity length tuning. To the best of our knowledge, this source has the highest
average power generated by any ultrafast OPO, and the shortest pulse duration for any >5-W
OPO. This result is an important step to adding wavelength tunability to high power Yb-based
laser sources without the complexity of either laser or parametric amplifier systems.

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

1. Introduction

High-power ultrafast sources find numerous applications both in industry and research, such
as high-speed and high-precision micromachining, high repetition rate attosecond science, and
generating long-wavelength sources via frequency conversion. In many cases, the requirements
for these applications can be met with high-power laser oscillators or amplifiers. For some
applications however, optical parametric oscillators (OPOs) offer several advantageous features.
First, since the gain mechanism is based on a second-order nonlinear process, a wide range of
wavelengths is accessible, with the output of the OPO typically being continuously tunable over
some wavelength range. And second, the conversion process results in two beams with highly
correlated properties but adjustable wavelength difference. Together, these properties make
OPOs highly attractive for applications such as frequency conversion, nonlinear spectroscopy
methods, pulse compression, and intracavity nonlinear processes. While optical parametric
chirped pulse amplification (OPCPA) systems have been power scaled extensively in recent years
using Yb-based amplifiers [1], power-scaling of OPOs has not been explored as extensively,
despite the potential advantages in terms of system simplicity, beam quality, and efficiency
compared with OPCPAs.

To date, the highest average output power demonstrated from an ultrafast OPO is 19 W at
56-MHz repetition rate, corresponding to 0.34-µJ pulses [2]. More recent high-power results
achieved less average power, but offer advantages in other parameters, such as rapid tunability [3]
or output wavelengths in the UV or towards the mid-IR [4]. Further power scaling of OPOs would
benefit many applications, especially where efficiency is limited either by peak or by average
power. This includes high harmonic generation (HHG) [5,6], difference-frequency generation
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(DFG) towards the far-infrared and THz spectral regions [7], and electro-optic sampling [8].
Other areas where high power combined with wavelength tunability could be beneficial include
multiphoton microscopy [9], Raman spectroscopy [10], and selective material processing [11].

Here, we demonstrate an ultrafast non-collinear high-power OPO with a pump based on
a high-power modelocked thin-disk laser (TDL). The TDL has an average power of 250 W
at a repetition rate of 10.2 MHz, which we frequency-double to 215 W via second-harmonic
generation (SHG). This 515-nm beam is used to synchronously pump a non-collinear OPO with
signal and idler tunable around degeneracy (1030 nm). We compress the signal pulses using
dispersive mirrors after the output of the OPO, and achieve pulse durations of 169 fs, which
is 4.6× shorter than the pulses of the TDL pump. We achieve a signal output power of up to
51.1 W at a repetition rate of 10.2 MHz. This is a 2.5× improvement in average power compared
to existing OPOs with sub-picosecond pulses [2]. The pulse energy is 5.0 µJ, the highest pulse
energy from any ultrafast OPO, to the best of our knowledge.

2. Experimental setup and results

A frequency doubled high-power ultrafast TDL oscillator is used to pump the OPO. Initially
demonstrated by Giesen et. al. in 1994 [12] and first modelocked without Q-switching instabilities
in 2000 [13], TDLs offer high average power directly from an ultrafast oscillator with excellent
beam quality [14–20], making them an ideal source to drive nonlinear processes with high
efficiency. Up to 350 W average power with near-diffraction-limited beam quality have been
achieved using a SEmiconductor Saturable Absorber Mirror (SESAM) modelocked TDL [20].
TDLs have been used to pump OPOs in the previous highest-power result [2], and more recently
in [21]. In the latter work, the second-harmonic of the TDL was used to non-collinearly pump
an OPO operating around degeneracy, similar to our current system discussed here. The TDL
used in this work has been previously described in [22], but includes some further optimization
of the SESAM to increase the output power from 230 W to 250 W. The laser uses a composite
SESAM with a sapphire window bonded to the front side for improved performance, as described
in [22]. Compared to [22], the new SESAM has a more favorable cold curvature, and the
sapphire window bonded to it is now a-cut instead of c-cut. While both approaches work well, the
a-cut configuration should be more robust against stress-induced birefringence at higher powers.
The key parameters of this laser are given in Table 1, where they are also compared with the
parameters of the OPO.

Table 1. Key parameters of the TDL and of the OPO.

TDL OPO

Repetition rate 10.2 MHz

Average power 250 W
51.1+ 54.6 W

(signal+ idler)

Center wavelength 1030 nm 1024 nm

Pulse duration 770 fs 169 fs

Spectral bandwidth (FWHM) 1.62 nm 11.6 nm

Time-bandwidth product 1.12×0.315 0.553

Peak power 28.0 MW 26.2 MW

Pulse energy 24.5 µJ 5 µJ

Output coupling rate 30% 21%

Roundtrip GDD -30600 fs2 ∼+1000 fs2

In the TDL output beam path, we use a 4-axis beam-stabilization system (MRC Systems
GmbH). This ensures a stable alignment through the rest of the system even when realigning the
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TDL. The output beam of the TDL is then focused into a 5 mm long low-absorption LiB3O5
crystal (LBO, Cristal Laser S.A., absorption specification of <1ppm at 1.07 µm) for type-I SHG
(crystal cut: φ=12.8°) using a pair of lenses, as illustrated in Fig. 1(a) (orange path). The crystal
is mounted in a passively cooled copper mount with indium foil between the crystal sides and
the mount for improved thermal contact. The 1/e2 beam radius at the crystal position is around
350 µm, corresponding to a peak intensity of 15 GW/cm2 when pumping at the full 250 W. We
achieve an ultra-high conversion efficiency of more than 85%, with around 215 W of average
power at 515 nm. The residual fundamental is separated from the second harmonic using a
pair of dichroic mirrors (DM, R>99.95% at 515± 5 nm, R<0.5% at 1030± 5 nm). The second
harmonic is then controlled using a half-wave-plate (HWP, zero-order, EKSMA Optics UAB)
and a thin-film polarizer (TFP, Layertec GmbH), allowing for continuous adjustment of the pump
power of the OPO. Attenuating the 515-nm pump beam after the SHG crystal ensures that its
beam shape and pulse duration do not change when varying the pump power. The OPO cavity
(Fig. 1(a), red path) is a linear cavity containing a β-BaB2O3 (BBO, CASTECH Inc.) crystal for
optical parametric amplification, and a 21% output coupler (OC, Layertec GmbH). The BBO
gain crystal is 2 mm long, with the c-axis 27.8° to the surface normal. This configuration is
designed for type-I non-collinear phase-matching at 515 nm → 1030 nm+ 1030 nm, assuming
an external angle between pump and signal of 5°. The crystal is optimized for low absorption
(<20 ppm at 1064 nm), and anti-reflective coated for both signal (980-1080 nm, R<0.5%) and
pump (515± 5 nm, R<1%) on both facets. Similarly to the LBO crystal, the BBO crystal is
mounted in a passively cooled copper mount. The polarizations of the interacting beams and the
orientation of the crystal is indicated in Fig. 1(a). The pump beam is focused into the crystal
using a second pair of lenses, resulting in a 1/e2 radius of around 370 µm for the pump beam.
This corresponds to a peak intensity of 11 GW/cm2 when pumping with 215 W. Apart from the
BBO crystal and OC, the cavity only contains high-reflective mirrors optimized for high-power
ultrashort pulses (Layertec GmbH, R>99.98%, 1000-1100 nm, low-GDD). To avoid excessive
nonlinearities on the optics, the cavity mode (Fig. 1(b)) is designed such that its 1/e2 radius
is >500 µm throughout the cavity. Since the OPO is operated in ambient air, the self-phase
modulation (SPM) picked up by the pulses nevertheless has a significant impact on the final pulse
shape and spectrum, as we will discuss later. The length of the cavity is matched to the length of
the TDL cavity to enable synchronous pumping. Fine tuning of the cavity length is achieved by
translating the end mirror using a piezo-actuated translation stage.
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Fig. 1. Design of OPO cavity. a) Layout of the SHG module (orange and green path) and
OPO cavity (red path). The polarization of the beams interacting in the two nonlinear crystals
is indicated by the arrows, together with the orientation of the c-axis of the BBO crystal.
The inset image (top left) shows an image of the cavity mode (M2 < 1.1). The inset diagram
(bottom right) shows a close-up of the interaction geometry in the BBO crystal (angles not to
scale). b) 1/e2 mode size evolution throughout the cavity. The markers indicate the position
of the BBO (purple square), the concave mirrors (CCM, red dots) and OC (green triangle),
respectively. The gray area indicates the approximate radius of the pump beam at the crystal.
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The roundtrip group-delay-dispersion (GDD) of the cavity is around +1000 fs, resulting from
the intracavity air, the BBO crystal, and the residual GDD of the mirrors. The OPO is therefore
operating in the positive-dispersion regime, resulting in chirped pulses at the output, as first
described in [23]. Outside the OPO cavity, we compress these pulses using a total of 18 bounces
on a pair of Gires-Tournois-Interferometer-type dispersive mirrors (GTI) providing -2000 fs2 per
bounce (University of Neuchatel), resulting in a total GDD of -36000 fs2. The average power and
diagnostics are measured after this compression step, to verify that the full power can successfully
be compressed.

Next, we present the OPO performance characteristics. For this set of measurements, we set
the TDL to its highest output power of 250 W, where it delivers 770-fs pulses with 1.62-nm
spectral bandwidth (full-width-at-half-maximum, FWHM). These properties correspond to a
time-bandwidth product (TBP) of 0.353, which is 1.12 times the TBP for ideal sech2 pulses
(0.315). The orientation of the LBO was readjusted after a short thermalization period of around
10 min to reoptimize the phase matching. The pump power is then scanned by rotating the
HWP. At each point, the cavity length is readjusted for optimized output power to compensate for
thermally induced repetition rate changes of the TDL. Stable operation is checked by measuring
the signal properties with an optical spectrum analyzer (Hewlett Packard), intensity autocorrelator
(FEMTOCHROME Research Inc.), and microwave spectrum analyzer (Hewlett Packard). We
show the output powers of both signal and idler beam, as well as the optical-to-optical efficiency
for the signal beam in Fig. 2(a). As can be seen, we reach up to 51.1 W for the signal and 54.8 W
for the idler, corresponding to an optical-to-optical efficiency of 24% (counting only the signal)
or 49% (counting both the signal and idler). We believe that this high conversion efficiency
is in part due the pump beam being significantly smaller than the cavity mode at the crystal
(370 µm compared to 800 µm). This means the pump sees mostly the central part of the signal
beam, enabling a homogeneous depletion of the pump. Meanwhile, the large beams result in
spatial walk-off being negligible, while the high pulse energies maintain high peak-intensities for
efficient conversion even at these larger beam sizes. Finally, we have not noticed any issues due
to thermal effects such as thermal lensing or change of the phase matching for the BBO crystal,
even at this highest power.

For the point with the highest output power (highlighted in Fig. 2(a)), we characterize the
signal pulses using Frequency-resolved Optical Gating (FROG, Femto Easy SAS) [24] to obtain
a precise measurement of the pulse duration and shape. The FROG diagnostics are shown in
Figs. 2(b)-2(e): Figs. 2(b) and 2(c) show the experimental and retrieved spectrogram, respectively,
showing good reconstruction. Figure 2(d) shows the retrieved temporal profile and phase of
the pulse, with a temporal FWHM of 169 fs. This corresponds to a compression factor of 4.4×
compared to the 0.75-ps pulse duration we have measured without the dispersion compensation
installed, and to a 4.6× compression compared to the TDL pulses. Furthermore, the 169-fs
pulse duration is very close to transform limited pulse duration of 150 fs. Based on the retrieved
temporal profile of the pulses, we compute the peak power of the OPO pulses to be 26.2 MW,
which is very similar to the 28.0-MW peak power of the TDL. We therefore achieve wavelength
tunability without having to sacrifice peak power. Finally, Fig. 2(e) shows the retrieved spectral
profile and phase, with a spectral FWHM of 11.6 nm, corresponding to a TBP of 0.553. For
reference, the optical spectrum of the TDL is shown in blue. As can be seen, the output of the
OPO is significantly broadened compared to the TDL spectrum. As further cross-check of the
retrieved pulse parameters, we also show the optical spectrum of the OPO output as recorded
by an optical spectrum analyzer (OSA) in gray. Apart from a slight shift in wavelength, the
retrieved spectrum matches the directly measured spectrum, as expected. We attribute this shift
to a combination of the drift of the OPO wavelength caused by thermally induced repetition rate
changes in the pump TDL, together with the difficulty to synchronize data acquisition of the
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Fig. 2. Diagnostics of the OPO output. a) Output power of the signal (blue squares) and idler
(red circles), respectively as a function of pump power. Also shown is the optical-to-optical
efficiency of the signal beam (green triangles). b-e) detailed diagnostics at the highest
output power (highlighted point in a). b) Measured and c) retrieved FROG spectrogram. d)
Temporal shape of the pulses as retrieved from the FROG measurement (red), together with
the temporal phase (green). e) Optical spectrum of the OPO pulses, as measured with the
OSA (grey) and as retrieved from the FROG measurement (red). Also shown is the spectrum
of the TDL (blue), and the spectral phase (green).

FROG and OSA. OPO wavelength drifts could be suppressed by active stabilization of the cavity
length [25]. A summary of the key parameters of the OPO is given in Table 1.

As previously noted, the OPO is operating in the positive dispersion regime, leading to the
strongly chirped output pulses. The pulse duration of such systems after dispersion compensation
is typically limited to around half the duration of the pump pulses [26,27]. In our current work
however, we have observed a 4.6× shortening of the pulses. We attribute the comparatively
strong compression to a combination of two effects. First, as previously shown in [28], increasing
the SPM picked up by the intracavity pulses can lead to broader signal pulses. Due to the high
peak powers reached in our OPO, the intracavity air itself is the main source of nonlinearity
and provides an estimated B-integral of 0.22 rad, for a total of 0.26 rad per roundtrip. This
comparatively large SPM enables strong spectral broadening. Second, signal components that
are not temporally overlapped with the pump are rapidly suppressed due to the large OC rate
of 21%. This effect prevents the signal pulses from getting significantly longer than the pump
pulses. This behavior is in contrast to typical OPOs operating in the positive GDD regime, where
the uncompressed signal pulses are significantly longer than the pump pulses.

3. Discussion and conclusions

We demonstrate a high-power non-collinear OPO enabled by a frequency doubled high-power
TDL. The system can deliver up to 51.1-W average power with a FWHM pulse duration of 169 fs.
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The output power is 2.5× higher compared to existing ultrafast OPOs, and the pulses are 4.6×
shorter than the pulses of the TDL whose second-harmonic pumps the OPO. Combined with
the idler at very close wavelengths and similar power levels, this makes this system a promising
source for high-power far-infrared and terahertz generation via difference-frequency generation
as first demonstrated in [29]. Such schemes typically have very low conversion efficiencies and
would thus greatly benefit from high average powers such as the total of 100 W delivered by our
system.

Another potential application of such a system is for high-harmonic generation (HHG).
Especially at high repetition rates, reaching the pulse energies required for HHG becomes
challenging. Suitable sources include Yb-amplifiers or OPCPA systems. They are however either
limited to a single wavelength in the case of Yb-amplifiers or highly complex in the case of
OPCPAs. Our system achieves a flexible output wavelength while being significantly less complex
than OPCPA systems and still delivering 5-µJ pulses. This level of pulse energy is sufficient for
directly driving HHG as first demonstrated in [30] for 7-µJ pulses, or more recently in [31] for
1-µJ pulses. High power oscillators are also attractive for driving intracavity nonlinear frequency
conversion processes such as HHG [32] and THz generation [33,34]. Compared to passively
modelocked oscillators, driving nonlinear processes inside an actively modelocked cavity such as
a synchronously pumped OPO may be more robust against modelocking instabilities, and offers
wavelength tunability.

Finally, we note the potential to change the wavelength range of the OPO by simply replacing
the cavity mirrors and rotating the crystal, enabling high powers also in other wavelength ranges
of interest, such as the 800 nm range. Because of the non-collinear pumping configuration,
standard broadband optics for Ti:sapphire lasers could be used. Besides providing additional
flexibility in implementing the aforementioned frequency generation schemes, this could make
the source attractive for even more applications, such as high-speed two-photon imaging using
the signal or three-photon imaging using the idler.
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