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Abstract: We introduce an optical parametric amplifier, pumped by an amplified femtosecond
Yb:KGW laser, which directly generates broadly tunable mid-infrared (MIR) pulses, covering the
whole vibrational spectrum from 3 to 10 µm. The avoidance of the traditional difference-frequency
generation stage to access the MIR range simplifies the setup while enabling high conversion
efficiencies. The two-stage design employs in the second stage either periodically poled lithium
niobate, optimized for the CH/OH stretching region (3-5 µm) or LiGaS2, which allows extending
the tunability to the fingerprint region (up to 10 µm). We anticipate applications of this versatile
source to ultrafast vibrational spectroscopy and infrared microscopy.

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

1. Introduction

A large variety of near-infrared laser sources, both with and without regenerative amplification,
have been exploited in recent years in combination with nonlinear optical processes for the
generation of mid-infrared (MIR) light pulses, prioritizing, depending on the application, the
pulse energy [1,2], the phase coherence needed for frequency comb applications [3,4], the pulse
duration [5], the compactness and the conversion efficiency [6], the combination power-spectral
coverage [7,8] or power-energy [9]. We pay here specific attention to nonlinear femtosecond
laser sources with average power of few tens of mWs and repetition rate around 100 kHz, which
are adequate parameters for ultrafast spectroscopy applications, such as transient vibrational
spectroscopy [10], 2DIR spectroscopy [11] and the study of inter-subband transitions [12] and
phonon-driven structural dynamics [13] in solids. Typical vibrational transitions of interest
are in the 1000-1700 cm−1 frequency range (λ= 5.8-10 µm, the so-called fingerprint region)
and in the 2500-3300 cm−1 frequency range (λ= 3-4 µm, corresponding to the CH and OH
bonds stretching region). The standard way to generate tunable ultrashort MIR pulses is by
difference-frequency generation (DFG) between the signal and the idler pulses of a femtosecond
optical parametric amplifier (OPA) [14], typically pumped with the fundamental wavelength
(FW) of an amplified Ti:sapphire laser and spanning the 1.2-2.8 µm wavelength range [15]. The
two collinearly generated signal and idler pulses are separated by a dichroic mirror, so that their
relative delay can be adjusted, and then recombined using a second dichroic mirror. Several
nonlinear crystals can be used, such as AgGaS2 (AGS) and GaSe. The typical tuning range is in
this case from 2.5 to 12 µm, allowing to cover all the vibrational frequencies of interest.

An alternative approach would be to generate the MIR pulses directly as the idler of an OPA,
reducing the wavelength detuning between the pump and signal pulses to push the idler to longer
wavelengths. This configuration is simpler as it eliminates one nonlinear optical process, the
DFG step; however, it requires the fulfilment of two conditions: i) the availability of a nonlinear
crystal with a broad transparency range in the MIR; ii) the possibility to pump this crystal with
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intense near-infrared (NIR) pulses without inducing two-photon absorption processes, which
would degrade the performance of the OPA or even lead to crystal damage.

The most common nonlinear optical crystals, such as β-barium borate (BBO) or lithium
triborate (LBO), are only transparent out to ≈3 µm. Other crystals, such as LiIO3, KNbO3,
KTiOPO4 (KTP) or its isomorphs, MgO:LiNbO3, periodically poled lithium niobate (PPLN) and
periodically poled stoichiometric lithium tantalate (PPSLT), display deeper MIR transparency out
to 5 µm. Thanks to broadband phase matching conditions, they have been successfully exploited
in simple OPA configurations for the generation of ultrashort pulses in the 3-4 µm wavelength
range [16–19]. However, they do not allow to cover the vibrational fingerprint region, which is
essential for spectroscopic applications and chemical resolution.

The majority of crystals with extended MIR transparency, such as ZnGeP2 (ZGP), GaSe,
AgGaSe2 and AgGaS2 (AGS) display an absorption edge in the visible (0.74 µm for ZGP, 0.65
µm for GaSe, 0.73 µm for AgGaSe2 and 0.53 µm for AGS), thus suffering from two-photon
absorption when directly pumped in the NIR by intense Ti:sapphire laser pulses. The situation
improves when using Yb-based ultrafast lasers at 1.03 µm, as demonstrated by Heyne and
coworkers who generated MIR pulses tunable from 3.5 to 9 µm using AGS [20]. An interesting
recent alternative is LiGaS2 (LGS) [21–24], which combines extended MIR transparency (out
to 11.6 µm), a relatively large nonlinear optical coefficient (deff = 5-6 pm/V) and an absorption
edge at 0.32 µm. The latter property allows direct pumping of an LGS-based OPA by an Yb
laser [25,26]. In addition, when pumped at 1.03 µm, LGS satisfies a broadband phase matching
condition in the 7.5-8.5 µm wavelength range, complementarily to the previously discussed class
of crystals. Recently, Riedle and coworkers have generated from an LGS-based OPA broadband
MIR pulses spanning 5-11 µm compressed to nearly transform-limited (TL) 32-fs duration,
which is close to a single optical cycle at the carrier wavelength [27]. As a last approach to
the generation of tunable MIR pulses, one should mention OPAs pumped at ≈2 µm by Ho- or
Tm-based femtosecond laser systems [2,5,7,9,28]. In this case, the reduced quantum defect and
the favorable phase-matching conditions enable the efficient generation of broadband MIR pulses.
However, high power femtosecond lasers at 2 µm are still not very common and there are few
commercial solutions available.

In this paper we present a simple OPA design, pumped by an amplified Yb:KGW laser, which
directly generates broadly tunable MIR pulses, covering the whole vibrational spectrum from 3 to
10 µm. The two-stage architecture [29] starts with a first stage, pumped by the second harmonic
(SH) of the Yb laser and employing a BBO crystal, which generates signal pulses tunable from
1.1 to 1.7 µm. The signal then seeds a second stage pumped by the FW of the laser that may
employ either a PPLN crystal, to maximize the optical power in the 2.5-4.5 µm range, or a LGS
crystal, to cover the full 3-10 µm region. This simple and easy to align source lends itself to
a variety of ultrafast spectroscopy applications, such as time-resolved IR spectroscopy, 2D-IR
spectroscopy and non-equilibrium studies of low-energy excitations in solids.

2. Setup scheme and phase matching conditions

Figure 1 shows the experimental setup of the two-stage OPA. The system is pumped by a
regeneratively amplified femtosecond Yb:KGW laser (Pharos, Light Conversion), delivering
200-µJ, 220-fs pulses at 1.03 µm wavelength and 50 kHz repetition rate, corresponding to 10
W average power; for this experiment, only 2 W (40 µJ) were used. A 1.2 W fraction of this
output is used to drive the first stage, which employs a non-collinear geometry and is pumped by
the SH [29]. The 0.515-µm pump pulses with 3.65-µJ energy are produced by SH generation
in a 3-mm-thick BBO crystal (θ= 23.4°), while the seed pulses are obtained by white light
continuum (WLC) generation in a 10-mm-thick YAG plate. The NIR part of the WLC is selected
by a long-pass filter (LP1100, Thorlabs) and a non-collinear interaction angle of 5° is used to
facilitate separation of the beams. Parametric amplification takes place in a 2-mm-thick BBO
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crystal cut for type I phase matching (θ= 23.4°) and produces pulses with center wavelength
tunable from 1.15 to 1.7 µm and energy variable from 35 to 175 nJ. The output pulses are rather
broadband, with a bandwidth of around 25 THz, as they are generated from an OPA close to the
degeneracy condition for type I phase matching [30]. These pulses act as a signal in a subsequent
collinear OPA stage pumped by the remaining 0.8 W of the laser FW at 1.03 µm which produces
high-power broadly tunable idler radiation over almost the entire MIR region.
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Fig. 1. Experimental setup of the OPA. HWP: half-wave plate; BS: beam splitter; PBS:
polarizing beam splitter; VA: variable attenuator; DM: dichroic mirror.

The second stage of the OPA employs a strictly collinear geometry, to avoid angular dispersion
of the idler pulses, and is directly pumped by the FW and seeded by the signal pulses from the first
stage. For the 3-5 µm wavelength range, the most efficient option is a PPLN crystal with 1-mm
length, 14-mm width, 1-mm thickness and a fan-out grating with poling period ranging from
Λ= 27.5 µm to Λ= 31.6 µm (HC Photonics). This crystal allows to generate idler wavelengths
from 2.06 µm to 4.34 µm. For an extended MIR tunability, we replace PPLN with a 2-mm-thick
LGS crystal cut for type II phase matching (θ= 90°, φ= 38.4°, Ascut Ltd), which returns a 20%
larger nonlinearity than Type I. For both crystals, pump and signal beams are focused to diameters
of ≈400 and ≈500 µm, respectively, so that it is easy to swap them, the only requirement being to
rotate by 90° the pump polarization for LGS with a half-wave plate.

Figure 2 compares the properties of the OPA process in LGS and PPLN, in terms of phase-
matching angles and group velocity mismatch (GVM) between the interacting pulses. In LGS,
due to the small birefringence, the internal phase-matching angle varies significantly with the
signal wavelength, implying an angular tilt over ∼20° to fully exploit the available signal 1.15-1.7
µm tuning range, as shown in Fig. 2(a). In PPLN, over a smaller range from 1.35 to 1.7 µm due
to the 5-µm transparency limit, the poling period for quasi-phase-matching needs adjustment
from 27.5 to 30.5 µm, by simple sample translation in our case thanks to fan-out structure.

Figure 2(b) reports for the two crystals the GVM between the interacting pulses, defined as
δij = 1/vgi − 1/vgj, where vg is the group velocity and i,j correspond to the pump (p), signal
(s) and idler (i) pulses. For LGS, the pump-signal GVM δps remains exceptionally small (< 50
fs/mm) over the entire signal tuning range, setting favorable conditions for a large parametric
gain. The pump-idler GVM δpi remains instead relatively high (200 fs/mm) and nearly constant
over a large signal wavelength range, from 1.25 to 1.6 µm, while it drops to zero and changes
sign at shorter wavelengths. This originates a relatively narrow conversion bandwidth over
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Fig. 2. a) Phase matching angle (λpm) and poling period (Λ) curves for LGS and PPLN
pumped at λp = 1.03 µm. b) Pump-signal (δps, blue) and pump-idler (δpi, red) GVM curves
for an LGS- (continuous lines) and a PPLN- (dashed lines) based collinear OPA pumped at
λp = 1.03 µm, as a function of the signal wavelength (λs).

most tuning range, combined with a much larger one around 1.17 µm (corresponding to an idler
wavelength of 8.6 µm) where the two curves cross each other: at the crossing point signal and
idler propagate with the same group velocity (δsi = 0) and this results in a broad gain bandwidth
[31], as also evidenced by the corresponding stationary point in the phase-matching angle curve
for LGS in Fig. 2(a). The GVM curves for PPLN show a more regular behavior, with a broader
bandwidth due to a globally better matching between signal and idler group velocities, together
with a favorable condition for high parametric gain below 1.35 µm, where signal and idler pulses
have opposite velocities with respect to that of the pump pulses (different sign for δps and δpi, as
discussed in [31]). For PPLN the condition δsi = 0 is not reached in our tuning range, but the
group velocities of signal and idler become very close around 1.7 µm, giving rise to a broader
gain bandwidth.

3. Results and discussion

Figure 3 reports the signal (panel a) and idler (panel b) spectra at the output of the second
OPA stage with LGS upon tuning the first stage wavelength and correspondingly adjusting the
phase-matching angle. Overall, the spectra cover an extremely broad wavelength interval that
combines a relatively large NIR range from 1.1 to 1.6 µm with an ultrabroad range in the MIR,
from the high-energy vibrational region around 3 µm (3300 cm−1) till the low-energy region at
10 µm and beyond (1000 cm−1). As expected, the spectral width remains rather constant and
relatively narrow (≈2.8 THz) over most part of the tuning range, except for the spectrum around
8.6 µm that benefits from the group velocity matching of signal and idler pulses. This spectrum,
as well as its NIR counterpart, suffers from an evident hole induced by parasitic crystal absorption
around 8 µm that is due to the specific LGS crystal adopted. Absorption peaks are also present in
the spectra around 6-7 µm, in this case due to water vapor. The idler optical power, also shown in
the figure, ranges from 8 to 28 mW, with the lowest power at longer wavelengths because of the
larger quantum defect and of the higher crystal absorption. Considering the overall pump power
of 2 W for the OPA, the conversion efficiency is good, although lower than what was achieved in
previous works [32].

Figure 4(a) provides the signal amplification factor of the second stage calculated as a ratio
between output and input signal power (blue trace): it varies from 5 to 11 upon increasing the
signal wavelength, i.e. upon reducing the quantum defect of the idler. To better evaluate the
frequency conversion capability of LGS we plot in Fig. 4(b) also an effective amplification factor
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Fig. 3. Signal (a) and idler (b) spectra obtained from the second stage of the OPA using
LGS, along with the associated average powers (black points with lines as guide to the eye).
The same color has been used for each pair of corresponding signal and idler spectra.

(red), as obtained by rescaling the former values by the ratio between the input signal bandwidth,
which is particularly large as it comes from the first broadband OPA stage, and the output signal
bandwidth, which is reduced by the narrow phase-matching condition. With a spectral mismatch
(highlighted in Fig. 4(b)) of about 4, the effective amplification is almost 4 times larger, with a
peak around 40. This better accounts for the strong conversion efficiency of LGS and anticipates
the possibility of generating higher idler powers by reducing the conversion bandwidth of the
first stage. At the pump peak intensity of 50 GW/cm2 here used, which is lower than the crystal
damage threshold [33], the idler optical power was found stable within 0.85% rms.
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Fig. 4. a) Nominal and effective signal amplification factors for LGS as a function of signal
wavelength. b) Comparison of first and second stage signal spectra for a representative
wavelength.

Figure 5 reports the idler spectra and idler average powers obtained by replacing LGS with
PPLN in the second OPA stage. The idler tuning range is here limited to below 5 µm because of
the shorter wavelength absorption edge: as expected from the GVM diagrams of Fig. 2(b) and
also thanks to a crystal thickness of only 1 mm, the bandwidth of the pulses is comparatively
larger than for LGS and reaches a peak of 9.75 THz at an idler wavelength of 2.8 µm, that is
closer to degenerate interaction conditions. Thanks to a three times larger second order nonlinear
coefficient, PPLN offers at the same wavelength a 3-fold higher power than LGS, despite the
use of a lower pump power (0.65 W) because of a lower optical damage threshold. In terms
of duration, pulses from LGS are easily predicted to be very close to their TL values in the
3-7 µm range: in fact, with a crystal GDD (Group-Delay-Dispersion) lower than -1500 fs2/mm,
no appreciable broadening occurs over a 2-mm-thick crystal for pulses with a TL duration of
150-250 fs. Conversely, at 8.6 µm, where the TL is 77 fs and the GDD amounts to -4050 fs2/mm,
simulations predict a 300 fs pulse duration, thus quite far away from the TL but still of the same
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order of magnitude of the pulse durations at wavelengths < 7 µm. In a pump-probe spectroscopy
arrangement and without chirp compensation we thus expect a time resolution of about 300
fs. For PPLN, which displays broader bandwidths corresponding to TL durations of 50-140 fs,
simple temporal compression schemes using dispersive plates have been already shown suitable
for nearly single-cycle pulse synthesis, thanks to the availability of several positive dispersion
(e.g., ZnSe) and negative dispersion (e.g., CaF2) materials in the 2.5-5 µm region [34].
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Fig. 5. Idler spectra generated by the second OPA stage with PPLN, along with the
corresponding output power (black points with line as guide to the eye). The dip around
4.3 µm is due to CO2 absorption.

4. Conclusions

In conclusion, our two-stage OPA configuration is a versatile setup for the generation of
femtosecond pulses over a broad range of wavelengths in the MIR, covering both the fingerprint
and the CH/OH vibrational windows, for a wide variety of time-resolved spectroscopy studies.
The avoidance of the traditional DFG stage to access the MIR range simplifies the setup while
enabling high conversion efficiencies. Of the two crystals employed in the second stage, PPLN is
more suitable for the generation of broadband pulses in the CH/OH stretching range, while LGS
allows extending the tunability to the fingerprint region. Thanks to the outstanding power scaling
capability of Yb technology and to the chance to improve the amplification efficiency by a better
matching of the conversion bandwidths of the two OPA stages, this configuration may also be of
interest for ultra-high brightness MIR light generation with a table-top device, for applications
such as Fourier-transform IR [35] and photothermal IR [36] microscopy.
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