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Abstract: We present a high-power mid-infrared (mid-IR) optical parametric chirped-pulse
amplifier (OPCPA) generating 14.4 fs pulses centered at 2.5 um with an average power of
12.6 W and a repetition rate of 100 kHz. The short pulses are obtained without nonlinear
pulse compression. This is in contrast to most few-cycle systems operating in the mid-IR. In
our case, the ultrashort pulse duration is enabled by a careful design of the gain profile of
each amplification stage as well as a precise control of the signal dispersion throughout the
system. A pulse shaper is used in the seed beam to adjust the spectral phase at the output of
the OPCPA system. This approach allows for a clean temporal profile leading to a high peak
power of 6.3 GW.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The laser source requirements for high-harmonic generation and attosecond science have
been a key motivation for the development of high-power mid-infrared ultrafast laser sources
[1,2]. Such experiments benefit from a high repetition rate, which raises the photon flux and
therefore increases the signal-to-noise ratio or reduces the measurement time of experiments.
Advances in high-repetition-rate ultrafast systems have enabled the extension of strong-field
light-matter interactions into the hundreds of kilohertz to megahertz pulse-repetition-rate
regime. Examples of corresponding applications are high-harmonic generation [3-5], the
study of strong-field ionization with coincidence detection [6], or laser-based particle
acceleration [7]. Another interest in the field is to move towards longer driving wavelength,
which scales the high-harmonic cut-off and permits the generation of coherent soft-x-rays [8].

Optical parametric chirped-pulse amplification (OPCPA) [9,10] is an attractive approach
to access the required parameters [11-18]. In this method, a narrow-band high-power pump
pulse is used to amplify a broadband temporally chirped signal pulse. This allows for
transferring the energy of standard multi-100-W class picosecond industrial lasers [19-21] to
few-cycle pulses.

Achieving a high peak power at a high repetition rate in the mid-infrared (mid-IR) poses
many technical challenges linked to thermal management, material limitations or nonlinear
effects. Nonlinear self-compression is a promising method to obtain the ultrabroad bandwidth
required for few-cycle pulses in the mid-IR spectral region [22—-24]. This approach supports a
bandwidth beyond an optical octave with a reduced acceptance bandwidth of the OPA
crystals which gives more flexibility in the choice of nonlinear material and the intensity for
high-power pumping. However, the resulting temporal pulse shape of such systems typically
shows a large pedestal which reduces the achievable peak power.

Here we present a high-power mid-IR OPCPA system obtaining near-single-cycle
bandwidth without nonlinear self-compression. We finely tune the gain bandwidth of every
amplification stage to keep an ultrabroad bandwidth (from 1.7 to 3.2 pm) throughout the
entire amplification chain. We obtain a pulse energy of 126 pJ at a pulse repetition rate of 100
kHz (12.6 W average power). The pulses are centered at a wavelength of 2.5 um and have a

#341742 https://doi.org/10.1364/0OE.26.026750
Journal © 2018 Received 7 Aug 2018; revised 18 Sep 2018; accepted 18 Sep 2018; published 28 Sep 2018


https://doi.org/10.1364/OA_License_v1

Research Article Vol. 26, No. 20 | 1 Oct 2018 | OPTICS EXPRESS 26751

Optics EXPRESS

pulse duration of 14.4 fs (1.7 cycle), which is a record pulse duration for mid-IR systems with
an average power above 10 W. Moreover, a pulse shaper based on a spatial light modulator
allows for fine-tuning of the phase of the near-infrared seed pulse before the amplification
chain. This leads to a clean compressed pulse, where the energy contained in the main peak
can be maximized.

2. Setup

The complete system is pictured in Fig. 1 and is an upgrade of the system presented in [25].
We start with a carrier envelope offset (CEO) stabilized Ti:sapphire oscillator (Laser
Quantum GmbH) generating pulses which are sufficiently broadband to seed the pump
amplification chain as well as the OPCPA chain. A portion of the corresponding spectrum
around 1030 nm is pre-amplified and pulsed-picked to 100 kHz using a set of acousto-optic
modulators (AOMSs), before being directed towards an Innoslab-type amplifier (Amphos
GmbH). This produces 280 W average power with a full-width at half maximum (FWHM)
pulse duration of 1.8 ps.
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Fig. 1. The experimental setup. SLM: Spatial light modulator. BPS: Beam pointing
stabilization. TDS: Time-delay stabilization. Prisms: SF10 prism pair stretcher. PPLN:
Periodically poled LiNbOs.

Part of the remaining near-infrared bandwidth from 640 to 930 nm is then selected and
sent towards a 4-f pulse shaper based on a high-resolution liquid-crystal-on-silicon spatial
light modulator (SLM, Meadowlark Optics Inc.) for fine-tuning of the spectral phase. We
implemented a cross-correlation method to measure and correct for the delay drift between
the signal and the pump [26]. Moreover, the beam pointing of both the signal and the pump
were stabilized (TEM Messtechnik GmbH).

We split off 38 W of pump power for the pre-amplification part of the system. This beam
is converted with 35% power efficiency to its second harmonic in a 1.5-mm-long LBO
crystal. The 13.3 W of second-harmonic radiation is used to pre-amplify the signal in a 1.8-
mm-long BBO crystal using a non-collinear geometry. We obtain 170 mW with a bandwidth
spanning from 650 to 800 nm.

The rest of the pre-amplification chain is then pumped by the remaining fundamental from
the second harmonic generation (SHG) stage. First, we overlap the near-infrared signal with
1.9 W of 1030-nm pump light in a difference-frequency generation (DFG) stage based on a
300-pm-long BBO crystal. As the pump and the signal both derive from the same CEO-
stabilized oscillator, this could lead to inherently carrier-envelope-phase stable mid-IR pulse
[27]. However, the AOMs used for pulse picking before amplification impose a frequency
shift onto the seed of the Innoslab amplifier. The pump frequency comb being shifted by the
AOMs driver frequency leads in turn to a mid-IR frequency comb with a non-zero CEO
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frequency. This pump CEO frequency shift could be removed by phase-locking the driver
frequency of the AOMs to the repetition-rate of the Ti:sapphire oscillator [28].

Since our system operates around strong water vapor absorption bands (1.8-1.95 and 2.5-
2.9 um), it is purged with nitrogen from the DFG stage onwards to reduce the effect of
humidity in ambient air. The generated mid-IR idler is then directly amplified in a
periodically poled MgO:LiNbO3 (MgO:PPLN, OPA 1). A large transversal component is
added to the k-vector of the quasi-phase-matching (QPM) grating to impose additional
momentum onto the degenerate mid-IR idler [25]. The remaining 15.9 W of pump power are
then used in a second amplifier that is also relying on a noncollinear QPM grating to obtain
100 mW (1 pJ, 100 kHz) of near-infrared power. The design of the first and second pre-
amplifier crystals are described in detail in [25].

The amplified mid-IR beam then enters the high-power amplification part of the system.
For OPA 3 and 4 we use MgO:PPLN crystals with a wide QPM grating aperture of 10.9x2
mm? and a total crystal width of 14 mm (HC Photonics Corp.). The crystal thickness of 2 mm
was chosen to be large enough to let the pump beam through at the targeted intensity, but
otherwise minimized to improve the overall poling quality. Moreover, this wide aspect ratio
allows for a predominantly one-dimensional heat flow, which permits a higher heat
extraction. While little heat should be deposited unto the crystal during the OPA process, we
still observe a temperature increase of the crystals during the first hour of operation. For
example, in OPA 3 the temperature of the crystal holder typically rises by ~25 °C. This
temperature change could derive from a combination of effects, such as two-photon
absorption of the second harmonic of the pump or green-induced infrared absorption. While
pump SHG is not nominally phase matched, it is still generated through a combination of
near-phase-matching at high QPM orders and random duty cycle errors [29]. For better
cooling performance, the crystals are mounted in a copper mount and sandwiched between
two layers of 0.05-mm-thick indium foil. This increases both thermal and electrical contact,
which should also lead to reduced photorefractive effects [30]. The QPM period used is 29.3
pm and the crystals are anti-reflection coated to achieve a low reflectivity at 515 nm, 1030
nm and between 1700 and 4700 nm. The crystals are operated at room temperature and
pumped at a non-collinear angle of 3.5°.

The PPLN crystal of OPA 3 has a length of 1 mm and is pumped with 50 W of 1030-nm
light. The pump beam is shaped to 1/e? diameters of 1.50 mm vertically and 1.05 mm
horizontally in order to reach a peak intensity of 33 GW/cm?. This configuration leads to a
gain of 18 dB and an output power of 3 W (30 pJ). The second power amplifier relies on a
0.5-mm-long PPLN crystal and is pumped with the remaining 135 W of pump power. The
pump is shaped to 1/e? diameters of 4.85 mm vertically and 1.2 mm horizontally leading to a
peak intensity of 24 GW/cm?. We amplify the mid-IR signal to 13.5 W (gain of 7 dB, pulse
energy of 135 pJ at 100 kHz).

3. Dispersion and bandwidth management

As pointed out above, the design goal of this system was to generate a high-power ultra-
broadband mid-IR bandwidth without relying on nonlinear spectral broadening, in order to
obtain few-cycle pulses which can be compressed and shaped via the pulse shaper at the input
side of the system. To do so, it is not only necessary to start with a broadband seed, but this
bandwidth must also be maintained throughout the entire amplification chain. In OPCPA,
shaping of the spectral gain is generally governed by two effects: phase matching and
temporal coupling.

The spectral narrowing effect due to imperfect phase matching can usually be mitigated
by using sufficiently short crystals, which extends the amplified bandwidth at the cost of
necessitating a higher pump intensity. Another common method to increase the gain
bandwidth is to operate away from perfect phase-matching by shifting the wavevector
mismatch curve through the Ak = 0 point [Fig. 2(a)] [13]. If this curve displays a turning
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point, a broad spectral gain profile with two peaks at the edges of the bandwidth and a
reduced gain in the center is obtained, as shown in Fig. 2(b).
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Fig. 2. (a) Example of a detuned wavevector mismatch curve. The non-collinear angle between
the signal and the pump is 3°, the QPM period is 29.5 pm and the pump wavelength is 1030
nm. The Sellmeier relation used in this calculation is taken from Gayer et al. [31] (b)
Calculated gain spectrum for the wavevector mismatch shown in (a). The pump intensity is 15
GWr/cm? and the crystal length is 1 mm. If the wavevector mismatch curve displays a turning
point, two maxima appear in the gain spectrum for wavelengths where Ak = 0, leading to a
larger gain in the wings than in the center of the bandwidth.

On the other hand, the pump temporal profile will behave as a spectral filter as soon as the
signal is sufficiently chirped. The part of the signal spectrum overlapped with the peak of the
pump (for linearly chirped pulses, this will be the center of the bandwidth) will see a larger
gain than the parts overlapped with the beginning or the end of the pump pulse. This effect is
particularly important in the high-gain regime, when pump saturation does not play a
prominent role.

Most materials show a positive third-order dispersion (TOD) in the mid-IR spectral range,
whereas second-order dispersion can have an opposite sign for different materials (for
example silicon and sapphire). Therefore, to support linear compression in bulk material, the
output of OPA 4 needs to have a significant negative TOD. In Fig. 3(a), we show the group
delay curves for the signal beam before each amplifier. The system is designed such that a
spectrally flat group delay is obtained after propagation through 10 mm of sapphire at the
output of the system. The thus required negative TOD is apparent for each stage. In order to
introduce this negative TOD, we implemented a prism compressor in the near-infrared beam
path just before the DFG stage using SF10 prisms separated by 37.5 cm. This leads to a chirp
dominated by TOD in the DFG and OPA 1. The pulses are then chirped between the different
amplification stages using a combination of zinc selenide and silicon windows oriented at
Brewster angle to reduce reflection losses (see Fig. 1). We make sure that TOD dominated
chirp turns into a mainly linear chirp (no turning point in the group delay curve within the
signal bandwidth) before reaching the high-power part of the system to ensure a limited cross-
talk between the different parts of the amplified spectrum.

To maintain the entire signal bandwidth throughout the system, we first detune the phase-
matching in the first two mid-IR OPAs (where the signal is not linearly chirped) in order to
achieve a larger gain in the spectral wings of the signal bandwidth compared to its center, as
displayed in Fig. 3(b). The signal is then chirped before OPA 3 [see Fig. 3(a)]. The monotonic
group delay vs frequency curve means that the center of the signal spectrum is overlapped
with the center of the pump temporal profile. This in turn leads to a larger gain in the center
of the spectrum than in the wings for the two remaining OPAs, allowing to recover the middle
part of the spectrum.

Finally, the signal chirp is compensated by the material dispersion of an anti-reflection
coated 10-mm-long sapphire crystal. After compression, we obtain an average output power
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of 12.6 W (126 pJ pulse energy, 100 kHz repetition rate). Any remaining spectral phase
distortion is removed using the pulse shaper in the near-infrared section of the system.
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Fig. 3. (a) The predicted group delay curves before the different nonlinear stages. A large
negative TOD is first applied to the pulses before the DFG stage, to allow for a final
compression in bulk sapphire. The pulses are then chirped sufficiently to remove any turning
point in the group delay curve within the amplified spectrum before the high-power
amplification part of the system. (b) The spectra measured after each mid-IR OPA stages. All
spectra were measured with a scanning MIR spectrometer based on an acousto-optic modulator
(MOZZA, Fastlite).

4. High-power result

Because of the high pump power and intensity used, unwanted nonlinear processes strongly
affect the transmitted pump beam profile in both OPA 3 and OPA 4. Because of this, we
chose to use separate pump beams for these two stages (50 W and 135 W, respectively),
rather than sending the full 185 W beam through OPA 3 and then reusing the transmitted
power for OPA 4 (which would be favorable for power extraction). To demonstrate these
effects, Fig. 4(a) shows the transmitted pump beam through OPA 4 at low power (30 W, 5
GW/cm?), with the input signal being blocked. In Fig. 4(b), the pump power is increased to
110 W (19 GW/cm?). Two effects can be observed.

First, the beam shows the appearance of a fine structure in the direction perpendicular to
the crystal c-axis. This is not the result of the Kerr effect as the B-integral remains below 0.25
rad. However, further investigation is needed to determine the specific mechanism leading to
this structure. The second pump beam distorting effect is a spatial broadening of the beam
along the direction of the crystal c-axis, which is typical of the photorefractive effect [32].

Both of these processes clamp the available gain, likely due to a combination of reduced
spatial overlap between the signal and the pump and a phase-mismatch contribution
associated with the photorefractive effects. At high power, the amplified signal shows signs
of broadening along the crystal c-axis but no sign of the fine beam structure [see Fig. 4(c)].
The remaining distortion was corrected by using separate cylindrical telescopes for the
horizontal and the vertical axis.
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Fig. 4. (a) The pump profile after transmission through OPA 4 with 30 W of average power.
The pump is measured 50 cm after the PPLN crystal. (b) The pump profile after transmission
through OPA 4 with 110 W of average power. Two concurrent effects can be observed: a
spatial broadening along the crystal c-axis and the appearance of a rapid modulation along the
other axis (see text). (c) The amplified signal profile, measured with a pyroelectric camera
(Pyrocam 111, Ophir Optronics Solutions Ltd.). The signal is first reshaped with two cylindrical
telescopes before being directed towards the camera.

.26, No. 20 | 1 Oct 2018 | OPTICS EXPRESS 26755

After OPA 4 we obtain an average output power of 13.5 W (135 pJ, 100 kHz, measured

before the chirp compensation), with a standard deviation of 0.06 W or 0.5% measured over 5
minutes, as shown on Fig. 5(a). We do not observe any sign of optical parametric generation
when blocking the signal at the beginning of the amplification chain. Furthermore, the
amplified signal shows no sign of spatial or angular chirp. We also investigated potential
coupling between different spectral components of the signal by blocking part of the spectrum
at the pulse shaper position. We did not observe any form of cross-talk between the long- and
short-wavelength side of the spectrum.

Power (W)

Fig. 5. (a) The output power measured after OPA 4 and before the chirp compensation in bulk
sapphire, measured over 5 minutes. (b) The measured SHG-FROG trace. (c) The reconstructed
SHG-FROG trace. The reconstruction uses a grid of 512x512 points with a temporal resolution
of 1.28 fs and a frequency resolution of 1.52 THz. We obtain a root mean square
reconstruction error of 0.5%. (d) The retrieved temporal profile. We measure a full-width at
half-maximum pulse duration of 14.4 fs, close to the transform limit of 13.2 fs. (e) The
retrieved spectrum and spectral phase, along with an independently measured fundamental
spectrum.
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The pulse duration is measured in a home built SHG-FROG setup based on a 20-um-long
BBO crystal (Newlight Photonics Inc.). The measured trace is displayed in Fig. 5(b) while the
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reconstructed trace is shown in Fig. 5(c). The measured trace was post-processed following
Baltuskas et al. [33]. The BBO crystal used is sufficiently thin so that the phase-matching
term in the correction factor is sufficiently small to be neglected. Figure 5(d) shows the
extracted temporal profile and Fig. 5(e) the retrieved spectrum and spectral phase along with
an independently measured spectrum. We obtain a full-width at half-maximum pulse duration
of 14.4 fs at a central wavelength of 2.5 um, which corresponds to 1.7 cycles.

The pulse shaper allows for very precise tuning of the remaining phase, leading to a pulse
duration very close to the transform limit of 13.2 fs. Moreover, another advantage of this
method compared to pulse shortening through nonlinear compression is that it allows
maximizing the energy contained within the main peak of the pulse. This leads to a high peak
power of 6.3 GW, close to the 8.2 GW of a Gaussian pulse with the same duration and
energy.

6. Conclusion

We presented a high-power mid-IR ultrafast OPCPA system generating 126-pJ pulses
centered at 2.5 um with a duration of 14.4 fs (1.7 cycles). This pulse duration is achieved
without nonlinear pulse compression, leading to a clean temporal profile and therefore a high
peak power. Moreover, the group delay is carefully managed over the entire signal bandwidth
so that the pulses can be directly recompressed in bulk sapphire, resulting in the high
transmission efficiency of 93%. The high-power part of the system relies on MgO:PPLN,
demonstrating that such crystals are well suited for amplification with a pump power
exceeding 100 W. Further development of this system will include the implementation of
CEP stabilization.

This unique ultrafast high-power mid-IR source will serve as the pump for a high-flux
high-harmonic-generation beamline generating photons in the water window. It represents a
key enabling step for mid-IR driven attosecond science.
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