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Abstract: We present a setup for generating broadband (up to 1050 cm™!) and broadly tunable
(2.5-15 um) mid-infrared pulses using an Yb-doped femtosecond laser as the pump source. Our
scheme, comprising two parametric amplifiers and a mixing stage, exploits favorable group
velocity matching conditions in GaSe pumped at 2 um to directly produce sub-70 fs pulses
throughout the tuning range without any additional dispersion compensation, while 30-50 fs
pulse durations are achieved with simple dispersion compensation by propagation through thin
bulk media. The generated pulses have sub-1% short- and long-term energy noise, as well as
stable spectral parameters, while delivering 0.5-2 W average mid-IR power. We expect the
source to be useful for various spectroscopic applications in the mid-IR.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The fundamental vibrational resonances of many materials are located in the mid-infrared
(mid-IR) spectral range 2-20 um (500-5,000 cm™') [1-3]. This makes mid-IR short-pulsed
sources essential tools for various structure-sensitive spectroscopic investigations of ultrafast
processes in matter and interfaces between different materials. Spectroscopic techniques such
as surface-selective sum frequency generation spectroscopy [4] or two dimensional and multi-
dimensional vibrational spectroscopy [5] will especially benefit from high peak and average power
broadband mid-IR sources allowing for coherent excitation and simultaneous probing of different
vibrational-rotational states. Microjoule-level femtosecond mid-IR pulses are also essential for
research in high harmonic generation from solids, allowing for all-optical investigations into
band structure and electronic properties of materials [6—10]

A common way to produce broadband mid-IR pulses is nonlinear frequency down-conversion
in difference frequency generation (DFG) or optical parametric amplification (OPA) set ups driven
by Ti:sapphire laser systems [11-18]. Broadband pulse generation in Ti:sapphire laser-based OPA
architectures typically relies on short pump pulse duration to produce pulses with intrinsically
short durations and therefore large bandwidth. This approach has the important advantage of
producing short pulses directly at the exit face of the crystal, eliminating the need for additional
pulse compressors, which may be complicated to build if expected to operate through a wide
tuning range. In this approach, there is often a direct trade-off between the thickness of the
DFG crystal and mid-IR bandwidth. Numerous more complex setups involving specialized
manipulations on the interacting beams or alternative interaction geometries have been proposed
[19-21].

The development of lasers operating at ~2 um opened possibilities for improving mid-IR
pulse generation efficiency using parametric amplifiers based on non-oxide crystals such as
ZnGeP, (ZGP). Generation of broadband mid-IR pulses with energies up to several hundreds
of microjoules was demonstrated in chirped pulse optical parametric amplification (OPCPA)
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systems pumped by lasers with Ho-doped gain medium and operating at fixed mid-IR wavelengths
[22-24]. Recently, generation of pulses tunable in the 2-8 pum range with average power of few
tens of mW and bandwidth corresponding to few cycle pulses has been demonstrated using ZGP
OPA pumped by 3 ps pulses from Ho:YLF regenerative amplifier [25] while another system
reached multi-W average power and multi-mJ pulse energy at 5 um [26]. However, in these works
pump pulse durations were in range of 1-16 ps, and in all cases additional compressors at the
output of the systems had to be used in order to produce pulses shorter than 200 fs. Broadband ~
1 W pulses with average power in excess of 150 mW tunable in 4—18 um were generated using
intrapulse DFG in GaSe when pumped by 16 fs nonlinearly compressed pulses from Tm-doped
fiber laser [27]. A similar intrapulse DFG scheme was also demonstrated with a Ho: YAG thin
disk oscillator followed by nonlinear compression stage [28]. Efficient (>3%) mid-IR transient
generation at comparable average power (150 mW) was also demonstrated using a 2.5 um, 20 fs
Cr:ZnS laser system as the pump source [29].

Another option for femtosecond mid-IR pulse generation is the class of already highly mature
laser technologies emitting at ~1 um wavelength, including laser materials doped with Nd- and
Yb- ions. Compared to 800 nm and 2 pm pump platforms it offers a substantially broader selection
of ultrashort-pulsed lasers with distinguished achievements in energy and power scaling, featuring
versatile repetition rates and unmatched energy stability. However, despite these advantages,
limitations for broadband mid-IR sources typically arise due to the inherently longer durations
of Yb-doped laser pulses as compared to that of Ti:sapphire. When basic OPA architectures
similar to those traditionally employed with Ti:sapphire lasers are used with Yb-based lasers, the
longer laser pulse duration typically results in output pulses with correspondingly longer pulse
durations and narrower bandwidths on the level of 100 cm™! [5,30,31]. This may make such
systems unattractive for spectroscopic applications requiring broadband pulses.

Conversely, the longer pulse duration of Yb- and Nd-doped lasers can also be a favorable
property when the more complex OPCPA concept is applied. Such solutions have shown
some excellent results in producing mid-IR pulses as short as a few optical cycles [32-38]
with energies up to 35 mJ at 3.9 um at 20 Hz [32], while several systems operating at >100
kHz repetition rates demonstrated average powers well exceeding 10 W at ~3 um [33,39,40].
However, in many cases, such setups rely on a particular phase matching condition, resulting
in broadband amplification around a nearly fixed output wavelength, and rapidly decreasing
pulse bandwidth and/or conversion efficiency as the output wavelength is shifted away from
the favorable wavelength [41,42]. Furthermore, the OPCPA concept, by definition, involves
compressing the amplified pulses, and designing pulse compressors that operate through a
broad mid-IR tuning range is challenging. Meanwhile, mid-IR spectroscopic applications often
benefit from light sources that are tunable across the molecular fingerprint spectral range without
significant changes in source configuration and performance characteristics. Several architectures
providing generation of wavelength tunable broadband pulses via DFG between Yb laser driven
tunable OPA and laser fundamental [35,43,44], mixing signal and idler from an OPA [5] or
near—IR signal down-conversion in LGS based OPA [4,31,44] were demonstrated.

In this study, we report an alternative scheme for generation of multi-microjoule energy pulses
with bandwidth corresponding to a few optical cycles tunable in 2.5-15 pm range (pulse central
wavelengths). Mid-IR pulses are produced by mixing the outputs of two-channel parametric
amplification setup, consisting of one channel producing 30 fs pulses at a fixed wavelength
around 2 pm, and another channel producing narrowband seed pulses tunable through 2.2—4
pm. This wavelength combination allows us to leverage the favorable dispersion and nonlinear
properties of gallium selenide (GaSe) crystal to produce mid-infrared DFG output with spectral
components from <4 pm to >17 pm, while wavelength components from <2.5 um to >5 pum are
accessible by taking the amplified seed pulses, which are shortened due to the temporal gating by
the short pump pulse. Finally, we demonstrate that, at the expense of some pulse energy, the
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setup can produce very broadband pulses around 9 um, with significant spectral intensity from 6
um to 15 um (>700 cm~' FWHM bandwidth). This makes the proposed scheme an attractive
choice for applications that require multi-uJ broadband mid-infrared pulses, such as vibrational
sum-frequency generation spectroscopy.

2. Experimental setup

A block diagram of the experimental setup is shown in Fig. 1(a). Pump laser light is split in a 9:1
ratio to pump two parametric amplifier chains. The larger part of pulse energy is used to pump
a fixed-wavelength, broadband NOPA producing pulses around 2 um. The remaining part of
energy is sent to a tunable narrowband OPA (more details on the two OPAs will be given later
in the text). Finally, the outputs of the two OPA channels are combined on a dichroic mirror
at a small intersection angle and mixed in a gallium selenide (GaSe) crystal to produce two
tunable mid-IR outputs: a difference frequency pulse and the amplified seed pulse, which is
substantially shortened due to temporal gating by the short pump pulse. In case of low group
velocity mismatch and dispersive pulse broadening in the amplification crystal, this approach
can be expected to yield short pulses irrespective of seed wavelength, as the pulse duration is

firmly set by the short pump pulse, which is not tuned. The situation is depicted schematically in
Fig. 1(b).
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Fig. 1. (a) Block diagram of the experimental setup (b) Illustration of the pulses interacting
in the difference frequency generation (DFG) stage

Figure 2 shows group velocity mismatch curves between signal and idler (solid lines) and
pump and idler (dashed lines) for output (idler) wavelengths in the 4—17 um range in several
popular crystal and pump wavelength combinations. Group velocity mismatch data for our chosen
configuration of a fixed 2 um pump wavelength and GaSe crystal is plotted in blue. Orange and
green lines show two typical situations occurring in Ti:sapphire-based systems using AgGaS,
(AGS) and GaSe crystals, respectively. Red lines show group velocity mismatch in one of the
relatively few configurations allowing direct pumping at 1030 nm using LiGaS, (LGS) crystal.
As seen from the curves, the lowest group velocity mismatch, and hence the broadest possible
amplification bandwidth and lowest pulse broadening is provided by AGS crystals pumped at
1.4 ym (akin to the situation encountered in Ti:sapphire-based systems) [17]. Unfortunately,
AGS crystals are not suitable for high repetition rate systems, as they degrade quickly upon
exposure to intense femtosecond pulse radiation (typically lasting several thousand hours at 1
kHz repetition rate, and correspondingly degrading within hours or faster in a 100 kHz system
in our own trials) [45]. For the same pump wavelength, GaSe provides slightly worse group
velocity matching, but ensures longevity, as GaSe crystals do not exhibit obvious long-term
degradation. LGS has the significant advantage of the possibility for direct pumping at 1030 nm
and has been demonstrated to be capable of near-single-cycle pulses around 7—8 um [44], but
achievable pulse durations away from this wavelength are strongly limited by rapidly degrading
phase- and group velocity-matching conditions, while crystal transparency range limits output
wavelength components to below ~12 um [46]. Our chosen configuration of GaSe pumped at 2
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um provides a good compromise of broad crystal transparency (up to >16 pm [47]), longevity,
and a relatively low group velocity mismatch between the interacting waves over most of the
range, as well as far higher nonlinearity than the other considered crystals.

200 Eus g e

_ =~
€ 0 -
£
& —200 A

= Ap=2um, GaSe
§ —-400 4 — Ap=1.4um, AgGaS,
© 600 |~ e=14um, Gase

= Ap=1.03um, LiGa$s;

1 1 1 1 I I

4 6 8 10 12 14 16
Output wavelength [um]

Fig. 2. Variation of group velocity mismatch (GVM) with change of idler wavelength in
several popular combinations of crystals and pump wavelengths A,,. Solid lines: GVM
between signal and idler; dashed lines: GVM between pump and idler. GaSe pumped at 2um
exhibits a moderate GVM over a broad wavelength range, with full group velocity matching
(identical group velocities for pump, signal and idler waves) occurring around 13pum.

Three pump laser (Pharos-PH2 and Carbide-CB3, Light Conversion) configurations were
tested for pumping the OPA setup to investigate the capability to adjust our design for applications
prioritizing either higher pulse energy or higher pulse repetition rate. Maximum average laser
power used was 80 W, while the highest tested pump pulse energy was 2 mJ. Pump laser parameters
are summarized in Table 1. In all cases, pump pulse duration was ~200 fs. Re-configuration
of the OPA setup between different laser configurations involved changing of lens telescopes
and ratios of internal beam splitters to maintain similar pump intensity on all amplification
stages at the different pump energies. However, the general architecture of the system remained
unchanged.

Table 1. Pump laser configurations used in the experiments

# Pump laser Pulse repetition rate Average pump power Pump pulse energy
1 Pharos-PH2 10 kHz 20W 2m]

2 Carbide-CB3 400 kHz 80 W 200 wJ

3 Carbide-CB3 50 kHz 80 W 1.6 mJ

Because of the noncollinear geometry employed in the DFG stage to facilitate separation of
the pump, signal and idler beams, the difference frequency is angularly dispersed [48]. Generally,
this is not ideal, as this leads to a DFG pulse with a tilted pulse front, which lengthens the effective
pulse duration and lowers the peak intensity [49]. However, the noncollinear geometry avoids
losses and additional dispersion that could be introduced by the filtering optics, and mid-infrared
pulses produced in noncollinear DFG geometry have been successfully used in numerous works
[8,16,50-54]. Ultimately, although we had to rely on the noncollinear geometry to separate the
interacting waves due to lack adequate optics at the time of the experiments, suitable optical
elements are available and their use was demonstrated by other groups in comparable conditions
[28,55], while reconfiguring the setup to collinear operation for simplified alignment and angular
dispersion-free DFG beam would be trivial.
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3. Parameters of the dual parametric amplifiers and mixing stage

The broadband NOPA channel, the output of which is used as the pump pulse in the DFG stage,
exploits broadband phase matching available in Type-I OPA crystals near degeneracy, which
allows for broadband amplification around 2 pm when using ~1 um pump lasers. Initial seed
pulses for the broadband NOPA channel are derived from white light generated in a YAG crystal
pumped at the laser fundamental wavelength. Loose focusing of the white light pump beam is
used to achieve the required octave-spanning red-shifted spectral broadening [56,57]. The white
light seed is amplified in three amplification stages based on BBO crystals cut for Type-I phase
matching. In all three pump laser configurations, 2 mm thick BBO crystals are used in all three
NOPA stages, pumped at intensities in the range of 200-250 GW/cm?. A typical NOPA output
spectrum and autocorrelation of the output pulse from the DFG pump channel after compression
are given in Fig. 3(a) and Fig. 3(b), respectively. The white light seed spectrum is also shown in
Fig. 3(a) for comparison. Total pump-to-signal conversion efficiency is 11-12% in this channel,
resulting in 200 W pulses (2 W average power) in Configuration 1, 20 uJ (8 W average power) in
Configuration 2, and ~160 pJ in Configuration 3.
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Fig. 3. Typical parameters of the two OPA channels. (a) Spectrum of the DFG pump NOPA
channel output and the relevant portion of its white light seed spectrum (intensity of the
white light spectrum is not to scale) (b) autocorrelation trace of the DFG pump OPA pulse.
Blue dots: measured data points; black line: Gaussian fit. The pulse duration is 30.2 fs (c)
Pulse energies of the DFG seed channel OPA at different output wavelengths, measured in
Configuration #1.

The DFG seed channel is a typical two-stage, band-limited OPA operated in a collinear
geometry. The seed pulse is again derived from a white light continuum generated in a YAG
crystal. The continuum pulse is temporally stretched in a silicon window to produce nearly
transform-limited pulses with nearly Gaussian spectra of 100—150 cm~! FWHM bandwidth. Both
stages use 5 mm thick KTA crystals pumped at the laser fundamental wavelength at intensities of
50-75 GW/cm?. After separating the signal and idler beams by a dichroic mirror that reflects the
signal, the idler of the second stage of this OPA channel, tunable from 2.2 um to 4 um, is used as
the DFG seed beam in the mixing stage. Pulse energies in the DFG seed channel, achieved at
different wavelengths, measured in Configuration 1, are shown in Fig. 3(c). Similar conversion
efficiencies are achieved in the other configurations.
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In order to generate pulses with central wavelengths above 11-12 um and up to 15 pm, the
bandwidth of 2 pm pump pulses had to be reduced. This is achieved simply by inserting an
additional 5 mm thick silicon window into the seed white light in the NOPA channel to increase
the chirp of the white light seed. 2 um pulse bandwidth is reduced to ~150 cm~! and output
pulse duration is measured to be 140 fs with nearly Gaussian temporal and spectral profiles,
while very similar pulse energy is maintained.

After being combined on a dichroic mirror, the pulses from the two OPA channels are mixed
in a 0.75 mm GaSe crystal. Crossing angle is kept as low as possible whilst still allowing for
separation of the beams (below 0.5°). In Configuration 1, the measured 1/e* diameter of the 2
um pump beam on the GaSe crystal was 2 mm, corresponding to on-crystal peak intensity of
400 GW/cm? in the broadband configuration (not accounting for reflection losses). As beam
diameters are not changed for narrowband operation, the intensity drops to about 85 GW/cm?
when switching to narrowband mode due to the longer 2 um pulse duration. Diameter of the
seed beam varied with wavelength from 1.5 mm to 2.2 mm (1/e? level), while estimated intensity
varied between 1 and 10 GW/cm?. In other configurations, beam diameters were reduced to
maintain approximately the same pump intensities.

4. Mid-infrared generation results
4.1. Mid-IR spectra

As the key goal of this work was to create a broadband mid-IR source, we first discuss the spectral
properties of the generated mid-IR radiation. Due to the broad output wavelength range, several
devices had to be used to characterize the spectra. Most measurements were performed using a
scanning FTIR spectrometer (FTIR, Light Conversion). In several cases, we also used a scanning
monochromator (Kymera, Andor) to obtain higher resolution spectra. Both devices were equipped
with an MCT detector (PDAVIJ10, Thorlabs). The dropping sensitivity of this detector above
10 um and, in case of the monochromator, overlapping diffraction orders made measurements
above 10 um difficult. Therefore, for longer wavelengths, we also used a home-built imaging
spectrometer based on a ZnSe prism as the dispersive element and a microbolometer array camera
(WinCamD-IR-BB, DataRay) as the detector. With this device, we were able to measure spectral
components up to >17 um. The resolution of the home-built spectrometer was estimated to vary
between ~100 cm™! at 6 um and ~65 cm™! at 8 um to better than 2040 cm™" in the 10-15 pym
range.

Typical spectra of the mid-IR outputs achieved with the three pump laser configurations are
shown in Fig. 4(a-c). Pulses with central frequencies higher than ~2300 cm~' are produced in the
amplified DFG seed beam, while pulses at lower central frequencies are obtained from the DFG
beam. Overall, bandwidths over 200 cm™! are maintained throughout the range in all broadband
configurations, while significantly broader bandwidths up to 1050 cm~' are achieved in some
spectral regions, including the important OH and OD vibration ranges. It is notable that the
pulses in the seeded beam retain a narrow spectral feature at the seed wavelength, but the spectra
are broadened substantially due to temporal gating by the short pump pulse. In the reduced
bandwidth configuration used to access 12—-15 um central wavelengths, output bandwidth is
around 150-170 cm™!.

If the DFG stage is set to favor phase matching at the edges of the DFG spectrum, still broader
bandwidths at longer wavelengths can be achieved, at the expense of some pulse energy (up to
two-fold efficiency loss compared to an optimized-for-energy configuration). Some examples of
spectra obtained when the DFG stage is optimized for broader bandwidth are shown in Fig. 5(a).
Bandwidths exceeding 700 cm™! (FWHM) are possible around 9 um.

The calibration of the prism spectrometer was verified by comparing the signals obtained
with and without a silicon window because silicon has easily identifiable absorption features in
the 7-18 um range. The results are shown in Fig. 5(b). Measured spectra were corrected for
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Fig. 5. (a) Examples of spectra measured at longer wavelengths when system was tuned for
broader bandwidth (10 kHz configuration) (b) Example of prism spectrometer calibration.
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transmission data provided by the supplier of the silicon window (Thorlabs)
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the slight variation of detection sensitivity in the 6-18 um range. It is seen that key absorption
features are clearly represented from 7 um to 17 um within a single spectrum, confirming the
spectral extent of the pulses.

It should also be noted that, as the signal and DFG outputs are a signal-idler pair, they are not
independently tunable, but available simultaneously and well-synchronized. Therefore, in some
cases, such as experiments requiring multi-pulse, multi-wavelength excitation, both outputs may
be useful at the same time, utilizing the output power more efficiently.

4.2. Mid-IR pulse durations

Durations of amplified seed and DFG pulses were measured using the SFG-XFROG technique
[58]. A small part of the energy of the pump laser pulse at ~1 um was split off from the pump beam
of the final OPA stage of the DFG pump OPA channel, and delay-matched to the output pulses.
The transform-limited 190 fs duration of these pulses provided a good compromise between
spectral and temporal resolution for the XFROG measurements. Very thin nonlinear crystals,
chosen appropriately for the wavelength ranges, were used for SFG to ensure distortion-free
measurements (10 um thick BBO [59] for signal range, 35 um thick GaSe for DFG range). The
measurements were performed in Configuration 3.

Pulse measurements at four wavelengths are presented in detail in Fig. 6. A measurement of a
signal-range pulse is shown in Fig. 6(a-d). A 3 mm CaF, window had to be used to compress
the pulse to nearly transform-limited 31.6 fs duration. The slight tail of the pulse seen in the
retrieved time-domain profile (Fig. 6(c)) originates from the longer seed pulse. Figure 6(e-h)
show a measurement of a pulse around 4.5 um, in which the spectral dip and temporal post-pulse
due to the CO;, absorption are clearly visible [60]. An example of a DFG pulse at 8.9 um is given
in Fig. 6(i-1). As the dispersion of GaSe is strongly negative at 8.9 um, we used a 1 mm-thick
germanium plate to compress the pulse and achieve sub-1.5-cycle pulse duration. In this case, the
post-pulse is due to relatively large uncompensated third-order dispersion. Finally, Fig. 6(m-p)
shows a measurement at 10.9 um, the longest wavelength at which XFROG measurements were
performed.

Pulse durations measured throughout the tuning range are summarized in Fig. 7. Pulse
durations without any additional dispersion compensation and with simple windows used for
compression are shown.

It is seen that sub-70 fs durations are maintained throughout the tuning range directly from
the DFG crystal. In general, the produced pulses are no more than 1.5—1.7 times longer than
their respective transform limits, which confirms the expectation that pulse broadening in the
GaSe crystal should be low. It was noted that some positive chirp was not compensated by the
3 mm CaF, window at 2.7 and 3 um, while measured chirp turned notably negative at 3.8 um.
Hence, it can be expected that using a CaF, windows with different thicknesses, ~30 fs pulses
may be achieved in most of the signal range. On the other hand, pulse duration at 9—10 um
is limited by the large third order dispersion of optical materials in that range, and it appears
unlikely that compressed pulse durations could be improved much by changing the thickness of
the germanium window.

4.3. Achieved power and conversion efficiency

Pulse energies and powers obtained at wavelengths throughout the tuning range in different
pump laser configurations are shown in Fig. 8. Note that an additional narrowband operation
mode (described in Section 3) had to be used to tune the central wavelength of output pulses
above 11-12 um. Preliminary investigations show that this tuning limitation stems from the
combination of parametric gain asymmetry (favoring higher frequencies of the DFG pulse) and
broadband phase matching in GaSe around 11-15 um. We emphasize that the tuning limitation
concerns only the tuning of central frequency of the output pulses; as shown in Fig. 5, spectral
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components well above 15 pm are readily generated in broadband mode as well. More details
on these limitations concerning generation of broadband pulses in GaSe at >10 um central
wavelengths will be discussed in a separate study. Narrowband operation was only tested with
laser configuration 1.
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Fig. 8. (a-c) Output powers at different wavelengths throughout the tuning range in the
three pump laser configurations. Narrowband operation, which allows for tuning to longer
output wavelengths was only tested in configuration 1.

On average through the three configurations, total energy conversion efficiency from pump
laser light to mid-IR output is around 2% at 3 pm, 1% at 6 um, and 0.6% at 9 um. While
substantially higher conversion efficiency into ~3 um pulses (7.6%) was demonstrated in [40],
where a 3 um pulse is amplified directly using the 1030 nm output from an Yb-doped laser as the
pump, the authors noted that performance degraded rapidly when the system was tuned away
from the design wavelength; furthermore, our setup provides slightly shorter pulses (31.6 fs
compared to 38.2 fs in [40]) without active spectral phase control. Interestingly, the efficiency of
our setup at 9 um is slightly higher than that demonstrated in [35], despite our use of a cascaded
OPA + DFG scheme as opposed to the direct OPA scheme in [35] (9 um output generated as
idler of OPA pumped by laser fundamental with no intermediate wavelength conversion step).
Although more recent developments of LGS and BGS-based OPAs have shown substantially
higher efficiencies exceeding 3% [61], average power scaling at wavelengths >8 um with LGS
crystals may eventually be limited by thermal effects due to the absorption gradually increasing
from 8 pm up to the ~12 um infrared cutoff [46,62], while GaSe exhibits substantially superior
transparency up to 16 um.

In configurations using the 80 W pump laser, output powers above 450 mW are maintained up
to 9-10 um (e.g. 503 mW at 9.2 um in Conf. 2), which is, to the best of the authors’ knowledge,
the highest average output power reported in the literature for puJ-level femtosecond laser systems
in the 9-10 pm wavelength range so far, including systems directly pumped by 2 pm and 3 um
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lasers and LGS-based schemes [15,16,27,35,61]. While in our experiments the average power
was limited by pump laser power, evidence in the literature suggests that thermal effects in the
BBO crystals used in the DFG pump NOPA channel could become limiting factors with only a
modest pump laser power increase [63]. However, it has been shown that other crystals can be
used instead of BBO to produce 2 um OPA output of comparable parameters at substantially
higher average powers [63—65], thus allowing further power scaling of the DFG pump channel,
provided higher pump laser power is available. Some additional power scaling limitations can
also be expected from atmospheric absorption of the DFG pump beam [66], however, this could
be solved by purging the OPA enclosures to eliminate water vapor. On the other hand, GaSe
crystals have been shown to be capable of handling much higher average pump powers at 2 um
than our current maximum of 8 W [27], thus the DFG stage should allow substantial power
scaling.

4.4. Average power stability, shot-to-shot pulse energy stability and spectral stability

As these sources of infrared pulses are often used in experiments where data collection takes
extended periods of time, it is vital that the parameters of the source remain as constant as possible
over the measurement time. Although our dual-OPA setup is a step up in complexity, compared
to typical Ti:sapphire-based DFG schemes, we demonstrate that, due to the compact and robust
mechanical design of the OPA enclosure (total footprint 1.2 x 0.4 m?, excluding the space for
wavelength separation after the DFG crystal) and the consistent operation of the industrial-grade
pump laser, this complexity does not result in stability penalties. Figure 9(a) shows average
power measurements over 12 hours in signal and DFG wavelength ranges performed for the
different configurations. Shot-to-shot pulse energy stability was also characterized by sampling
the response of an MCT photodiode, logging every pulse over 24 seconds in the 50 kHz
configuration.
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Fig. 9. Output stability parameters. (a) Long-term stability of average output power in the
different configurations. Wavelengths, average powers and standard deviations are indicated
in the text boxes (b) Shot-to-shot pulse energy stability measurement at 5 um, measured in
configuration 3 over 24 seconds (1.2M laser shots). The relative standard deviation (RSD)
of pulse energies is 0.75%.

As the mid-IR output in our setup is produced by nonlinear interaction between two separate
OPA channels, it is not a given that the temporal drift between the two OPAs would not result
in a drift of output wavelength. We aim to minimize the sensitivity to temporal drift by using
narrowband seed pulses that are longer than the pump pulses, but no specific dispersion control
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methods are employed in the narrowband channel besides the initial seed pulse stretching.
Because of this, the seed channel pulses are not strictly transform-limited, and a temporal delay
drift may introduce a drift of output wavelength. To investigate if this was the case, we recorded
output spectra of the system in the 10 kHz configuration with the prism spectrometer for an hour.
The recorded spectra and their statistics are shown in Fig. 10. It should be noted that, as the
camera used in the spectrometer has a time constant of 14 ms, the measurements are inherently
averaged over multiple thousands of pulses, and hence information on possible shot-to-shot jitter
is not obtained.
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Fig. 10. Spectral stability at 10um. (a) Spectra recorded over the 1-hour measurement.
Note that the spectra are normalized to the average of peak intensities of all spectra, rather
than the maximum of the full dataset. (b) Average spectrum and statistical boundaries of
its variation (c,d) histograms of central wavelength and FWHM bandwidth, respectively,
calculated for each recorded spectrum

As seen from the measurements, the output spectrum does not show discernable drift, with
central wavelength and bandwidth varying well below the level of spectrometer resolution over
the measurement period, and intensity at each wavelength component within 1/e* bandwidth
does not vary more than 1.5% over the hour. Therefore, we conclude that the two-channel OPA
architecture does not cause spectral stability issues.

5. Conclusions and outlook

We have demonstrated a setup for generating broadband and broadly tunable (2.5-15 ym) mid-IR
pulses starting from an Yb-doped amplified laser system, based on mixing the outputs of two
optical parametric amplifiers (broadband 2 um and tunable 2.2—4 um) in a GaSe crystal. The
carefully selected combination of OPA wavelengths and DFG crystal allows us to generate pulses
with sub-70 fs durations and 200-1050 cm™~! bandwidths in a tuning range of 2.5-11 um. With
minimal dispersion adjustments, pulse durations as short as sub-3-cycle (31.6 fs) at 3.4 um and
1.5-cycle (<45 fs) around 9 um are achieved. Central wavelengths up to 15 um are accessible with
slightly narrower bandwidths (~150 cm™") with only a minor system reconfiguration. Despite
the relatively complex two-channel architecture, we have demonstrated that the system maintains
sub-1% power stability for multiple hours and maintains stable spectral parameters.
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The setup was tested with 20 W and 80 W pump laser power and 200 pJ — 2 mJ pump pulse
energy. We generated up to 450 mW power at 10 um and 2 W at 2.5 ym with multi-uJ level
pulse energy. In principle, the setup can be adapted for use with various fs to few-ps Yb-based
laser platforms and scaled to different pulse energy or repetition rate regimes within the scope of
parameters achieved by current femtosecond Yb-based lasers to fit the requirements of specific
applications.

We expect that the short pulse durations available through a very broad tuning range, high
average power and broad spectral coverage will make the setup an attractive source for various
applications in time-resolved infrared spectroscopy.
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