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Abstract: Tunable mid-infrared ultrashort lasers have become an essential tool in vibrational
spectroscopy in recent years. They enabled and pushed a variety of spectroscopic applications
due to their high brilliance, beam quality, low noise, and accessible wavelength range up to 20
um. Many state-of-the-art devices apply difference frequency generation (DFG) to reach the
mid-infrared spectral region. Here, birefringent phase-matching is typically employed, resulting
in a significant crystal rotation during wavelength tuning. This causes a beam offset, which
needs to be compensated to maintain stable beam pointing. This is crucial for any application.
In this work, we present a DFG concept, which avoids crystal rotation and eliminates beam
pointing variations over a broad wavelength range. It is based on two independently tunable input
beams, provided by synchronously pumped parametric seeding units. We compare our concept
to the more common DFG approach of mixing the signal and idler beams from a single optical
parametric amplifier (OPA) or oscillator (OPO). In comparison, our concept enhances the photon
efficiency of wavelengths exceeding 11 um more than a factor of 10 and we still achieve milliwatts
of output power up to 20 um. This concept enhances DFG setups for beam-pointing-sensitive
spectroscopic applications and can enable research at the border between the mid- and far-IR
range due to its highly efficient performance.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The application of ultrafast MIR lasers with high repetition rates for spectroscopy has enabled
a variety of novel research topics, which have not been feasible before. Among many others,
in vitro monitoring of structural processes in protein research at attomolar concentrations in
far-field spectroscopy [1], or of individual protein complexes in near-field spectroscopy [2],
monitoring the hydrogen diffusion into metal hydrides [3], or the characterization of novel
materials for miniature optoelectronic devices in the fingerprint region [4—7] are just a few
examples. The modern world is based on highly technical processes and their impact will further
grow in search of solutions for renewable energy sources, environmentally friendly transportation,
remote sensing, life sciences, or for the growing digitization. Research in these fields can
significantly benefit from vibrational spectroscopy in the mid-infrared spectral region using
ultrafast laser sources due to their excellent beam profile, high brilliance and power, low RMS
and intensity noise and their excellent long-term stability [1,8—10]. Many state-of-the-art laser
sources consist of multiple cascaded parametric frequency conversion stages, as this concept
allows for a very broad tuning range from the near infrared up to 20 um wavelength with high
conversion efficiencies. Especially in recent years, there have been a vast variety of new devices
based on MIR optical parametric oscillators (OPOs) [11-13], intrapulse difference frequency
generation (DFG) [14], DFG between the signal and idler beams of an near-infrared optical
parametric amplifier (OPA) or OPO [9,15-19], or supercontinuum-seeded DFGs [20,21]. High

#385838 https://doi.org/10.1364/OE.385838
Journal © 2020 Received 13 Dec 2019; accepted 25 Feb 2020; published 7 Apr 2020


https://orcid.org/0000-0002-8198-0236
https://orcid.org/0000-0003-3917-668X
https://doi.org/10.1364/OA_License_v1
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.385838&amp;domain=pdf&amp;date_stamp=2020-04-07

Research Article Vol. 28, No. 8/13 April 2020/ Optics Express 11884 |
Optics EXPRESS b Ny \

output powers, large bandwidths, wide tuning ranges or high conversion efficiencies have been
reported using many different nonlinear materials. However, there is a limiting issue in their
application in measurement devices. In contrast to standard nonlinear crystals used for the NIR
region, such as periodically-poled lithium niobate (PPLN), which allow for quasi phase-matching
(QPM), crystals for DFG in the MIR region usually require angular phase-matching, with just a
few exceptions (e.g. OP-GaP, OP-GaAs), but those are limited in phase-matching bandwidth
and transparency range [12,22-26]. QPM crystals can be inserted into the beam path at 0°
angle of incidence, thus the input beams do not experience any spatial beam offset over the
useable wavelength range. In contrast, birefringent phase-matching requires the crystal angle
to be carefully adjusted relative to the beam propagation direction for every wavelength change
[27]. Depending on the utilized nonlinear crystal, this results in crystal rotations of up to 40°,
causing a significant spatial offset of the output beam. To maintain the coupling into subsequent
spectroscopic devices, this offset needs to be accurately compensated, requiring active electronic
or time-consuming manual compensation or counter-rotating compensation optics, all of which
impede the application of parametric MIR light sources.

In this publication, we present a DFG concept that circumvents angular tuning of the nonlinear
crystal. We are able to use a fixed crystal angle over a broad tuning range, ranging from 9 to
20 um wavelength, by decoupling the pumping and seeding units. This additional degree of
freedom is achieved by applying an OPA seeded by a fiber-feedback OPO (FFOPO) as a pump
source, and a second independently tunable FFOPO for seeding the DFG. Thus, active beam
offset compensation becomes dispensable. Furthermore, we achieve a very stable and nearly
constant photon efficiency in the range from 5 to 15 um and achieve mW-level output power up to
20 um. As a proof-of-concept, we compare our dual OPO/OPA DFG setup to a more commonly
used DFG scheme between the signal and idler beams of a single OPA. This concept typically
allows very high output power from about 5 to 10 um, but suffers from decreasing performance
above 10 to 12 pm, as long DFG wavelengths require close-lying pump and seed wavelengths.
This is difficult to achieve for signal-idler approaches, as the OPO/OPA then needs to operate
near degeneracy. In addition, the transparency of many DFG crystals decreases continuously
between 10 and 20 um, which enhances the effect of low input power. Briefly, in a standard
signal and idler DFG scheme, both the DFG crystal, as well as the seeding unit simultaneously
approach their performance limits, which in consequence sum up. Our goal is to circumvent
these effects in order to efficiently generate radiation in the long wavelength region by decoupling
the working points of the DFG and seeding units and to use a fixed crystal position to maintain
stable beam pointing up to 20 um. To provide a fair comparison, similar beam parameters, optics
and the identical nonlinear crystal are used in both setups.

2. Experimental preparation

In order to circumvent the crystal rotation that is required for phase-matching, the input beams
need to be independently tunable. The idea is as follows. In a signal-idler DFG setup, phase-
matching is satisfied by adjusting the crystal angle according to a fixed set of input wavelengths,
as mentioned earlier. Upon reversion, by fixing the crystal angle, phase-matching could be
satisfied by choosing the correct input wavelengths independently of each other. We achieve this
by using the amplified FFOPO signal as DFG pump beam and the second FFOPO signal as DFG
seed beam. To ensure the temporal synchronization of the pump and seed pulses, both seeding
units are synchronously pumped by the same Yb:KGW solid-state oscillator.

Figure 1 depicts the experimental setups used in this work. A fixed crystal angle is achieved
by using the dual OPO/OPA setup shown in Fig. 1(a). We apply an Yb:KGW solid-state laser,
providing 7 W power at a center wavelength of 1.039 um, and 500 fs pulses at 40 MHz repetition
rate, to synchronously pump the two independent seeding units. About 4 W pump power is
applied in total to the amplified FFOPO, which is tuned from 1.45 to 1.6 um with a maximum
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output power of 1.2 W. A pump power of 2.3 W is applied to the second FFOPO, which is
tuned from 1.6 to 1.95 um with output powers ranging from 225 to 500 mW. The two beams are
combined using a beam splitter and focused (f =75 mm) into the crystal.
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Fig. 1. Experimental setup. a) DFG setup based on two independently tunable fiber-feedback
OPOs (FFOPO), pumped by the same Yb solid-state oscillator. The FFOPO providing the
DFG pump beam (green) is additionally amplified by an OPA to enhance its output power.
Both beams are combined by a polarizing beam splitter (BS) and focused into a 4-mm-long
GaSe nonlinear crystal. b) DFG setup using signal and idler of a single post-amplified
FFOPO. Angle tuning is required to satisfy the phase matching condition.

In Fig. 1(b), a standard DFG scheme between signal and idler beams is shown where both
beams are provided by the same amplified FFOPO system, which is pumped with about 6 W total
input power using the Yb:KGW oscillator. This setup is similar to the setup presented in [8,9].
The beams are combined using a dichroic mirror and focused into the nonlinear crystal using a
lens with 75 mm focal length. Wavelength tuning is achieved by setting the signal wavelength
in accordance with the desired DFG wavelength. Then the crystal angle relative to the beam
direction is adjusted by monitoring the output power. The required crystal rotation causes a
significant spatial beam offset of up to several hundred microns.

In this work, a 4-mm-long uncoated GaSe crystal (Eksma Optics) is used as a nonlinear
medium in type-I phase-matching configuration. We chose this material as it offers a very high
nonlinearity and a good figure of merit over a broad wavelength range and it is commercially
available [28-30]. Furthermore, it exhibits a high damage threshold compared to other DFG
crystals, which makes it very suitable for high input powers. Throughout the experiments, we
used several GaSe crystals with lengths between 1 and 4 mm, including a 3.7-mm-long GaSSe
crystal [31,32] from S. Sarkisov, Tomsk State University, Russia. We optimized the input beam
sizes for every crystal. Experimentally, the best results have been achieved with the 4-mm-long
GaSe crystal, although the results using the GaSSe were just slightly lower. Behind the crystal
the DFG beam is collimated and spectrally separated from the pump and seed beams using a
long-pass filter. The generated DFG power is measured behind the collimation optics and the
long-pass filter using a thermal power meter (Ophir 3A sensor). The input power is measured in
front of the focusing lenses. To derive the effectively applied input power, the reflected power
from the input crystal facet is measured. It reaches about 25% of the applied power, in average.
This is due to the very large external angle of about 35° relative to the beam direction of the
GaSe crystal. For other tilt angles and for type-II phase-matching, the Fresnel losses can be even
higher. For the calculation of the photon efficiency, the measured input power is corrected by the
power reflected on the input facet.
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3. Experimental results

First, we conducted measurements using our dual OPO/OPA DFG setup, which offers an
additional degree of freedom resulting from the decoupled input beams, compared to the
signal-idler DFG setup. It is optimized for a fixed crystal orientation over a broad wavelength
range and allows the utilization of input wavelengths that avoid critical absorption windows
and near-degeneracy-operation of the input light sources, in comparison to the more common
signal-idler DFG. Initially, we determined a crystal angle that can be kept constant over the
broadest possible tuning range, allowing maximum deviations of +0.2°, which corresponds to
the acceptance bandwidth A6 =0.4° of the utilized GaSe crystal. This has been carried out using
the SNLO library. The crystal angle is determined by first analyzing the phase-matching angle in
dependence on the required tuning range and applicable input wavelengths. We restricted the
maximum input seed wavelength to 1.95 pm, whereas the minimum pump wavelength is 1.45
um. Thus, we restricted the input wavelength range to the OPO/OPA signal wavelength range,
as this enables high input power, using standard high-quality IR optics and avoiding critical
absorptions. Iteratively, we then optimized the required set of input wavelengths with respect
to the fixed crystal angle, DFG wavelength and optimum pump and seed power. Using GaSe
crystals, this allows to fix the crystal angle for a tuning range from 9 to 20 um. Below 9 um the
input wavelengths would exceed our self-set limits and we adjusted the crystal angle in order to
stay within these limits. Of course, they can be extended depending on the seeding units.

In general, this concept can be applied to many other nonlinear crystals, as depicted in Fig. 2
for some of the most common MIR crystals assuming type-I phase-matching. Here, we plot the
required rotation of the crystal angle for a given DFG wavelength. The semitransparent red areas
show the acceptance bandwidth A6 of the respective crystals (L =4 mm). For simplicity, the
spectral dependence of the acceptance bandwidth is neglected and the given values denote the
median acceptance bandwidth. All values that are within the marked areas can be generated using
a fixed crystal angle, but with varying efficiency depending on their deviation from the optimum
angle, which is central in the semitransparent red areas. On the left side, the angle variation for
the dual OPO/OPA DFG concept is shown, whereas the right side depicts the angle variation
for a common DFG scheme between signal and idler beams from a single OPA. As illustrated,
our concept theoretically allows minimizing the required crystal rotation within a 7 um wide
wavelength window using a GaSe crystal. Similar ranges can be achieved for other nonlinear
crystals such as AgGaSe, and CdSe. The appropriate crystal can be chosen according to the
desired application. Here, we were particularly interested in GaSe due to its broad transparency
range and high damage threshold.

As a further benefit of the dual OPO/OPA DFG concept, the effective nonlinearity, the figure
of merit [28,33], and the spatial walk-off also remain more constant for a constant crystal angle.

Next, we applied the calculated parameters for a GaSe crystal using the dual OPO/OPA DFG
setup. In Fig. 3(b), the utilized set of input wavelengths is depicted. The input beams are tuned
to these wavelengths with 0.3 nm precision. This configuration allows a constant external angle
of 35°.

The fixation of the crystal angle is depicted in Fig. 3(c). For this measurement, we optimized
the crystal angle for each wavelength to confirm ideal phase-matching conditions by monitoring
the generated output power. In black, the calculated rotation versus DFG wavelength is shown,
the experimentally measured values are given in red. In general, the measured values follow the
calculations very well. Above 9 um wavelength the crystal orientation remains nearly constant,
as expected according to our design. Only 0.3° maximum rotation is measured from 11 to 20 um,
which is within the limit of the acceptance bandwidth of A6 =0.4°.

We achieve a maximum output power of 13 mW at 7 um wavelength. This corresponds to a
photon efficiency of 5.3% using 1142 mW pump power and 174 mW seed power. The highest
photon efficiency of 6.2% is measured at 11 um. In general, the photon efficiency is close to
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Fig. 2. External angle variation of different nonlinear crystals using the dual OPO/OPA DFG
concept (two independent input beams) and a standard DFG between signal and idler beams
for type-I phase-matching. Using decoupled input beams allows to fix the crystal angle in a
specific wavelength range, being restricted by the input wavelength range (1.45-1.95 um).
The semitransparent areas depict the median acceptance bandwidth A6 of the respective
crystals. For simplicity, we calculated the acceptance bandwidth for 4-mm-long crystals,
which is the length of the utilized GaSe crystal. If the plotted crystal angles are within the
acceptance bandwidth, MIR radiation can be generated, without rotating the crystal. Using
our concept enables a significant reduction of the angle variation within a broad bandwidth
(>5 pm) for AgGaS;, AgGaSe,, CdSe (type-II phase-matching), and GaSe, thus minimizing
beam pointing issues resulting from crystal rotation.

5% between 5 and 15 pm, being maximum between 11 and 14 ym. Between 15 and 20 um the
photon efficiency continuously decreases to just below 1% in consequence of the decreasing
transparency of GaSe. About 0.5 mW power is still generated at 20 um, despite limited crystal
transparency [32,34]. Thus, the achieved output power and efficiency enable spectroscopic
applications between 10 and 20 um wavelength.

We also investigated the photon efficiency as a function of pump and seed power at 11.5 um
wavelength. Here, we observed a saturating photon efficiency in dependence on the applied pump
power (190 mW constant seed power), whereas the efficiency remains continuously growing in
dependence on the seed power (1000 mW constant pump power). We observed the identical
behavior at 13.5 um wavelength. In consequence, especially higher seed power is required for
further enhancement of the photon efficiency. However, this would require a more powerful
pump laser.

At 12 ym wavelength we measured the power stability within 45 minutes. We set the DFG
power to 1.95 mW. Within those 45 minutes, the output power remained constant with an average
of 1.935 mW. We measured a standard deviation of 38 uW, which corresponds to the intrinsic
noise of the power meter, meaning no additional noise is adding up. This behavior is expected,
as the DFG stability is given by the input beams. The input beams are optimized for excellent
long-term stability reaching 0.1% rms, as described in [8].
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Fig. 3. a) Output power and photon efficiency for a constant phase-matching angle between
9 and 20 um. Up to 13 mW output power and about 6% photon efficiency are achieved. The
photon efficiency remains rather constant at around 5% between 5 and 15 um. b) shows the
required input wavelengths. For longer DFG wavelengths, input wavelengths between 1.7
and 1.6 um, which is the optimum performance range of the seeding unit, are applied. c)
External angle variation as measured in the experiment after optimization and as calculated.
As shown, the angle remains nearly constant between 11 and 20 pm with negligible rotations
of 0.3°. Below 9 um, seed wavelengths >2 um would be required to keep the angle constant.
As we limited the maximum seed wavelength to 1.95 um the crystal angle needs to be
adjusted at these wavelengths.

As mentioned before, we rotated the crystal to reach wavelengths between 5 and 9 um. At this
point, we realized another configuration, which we want to present briefly. By fixing one input
wavelength and tuning the other input wavelength and the crystal angle instead, phase-matching
can be satisfied as well. In this measurement, we fixed the seed wavelength at 1930 nm and
generated MIR radiation from 6 to 9 pm. As this was only a narrow range, we repeated this
configuration with a fixed seed wavelength of 1750 nm. Thus, we achieved a tuning range from
7 to 19 pm with reasonable output power up to 14 mW and 7.6% photon efficiency at 8 pum.
Depending on the fixed wavelength, the MIR wavelength range could be shifted but such a
detailed investigation is beyond the scope of the manuscript. However, this configuration might
be interesting for more simplified DFG setups.

Next, we conducted similar measurements using DFG between signal and idler beams of the
amplified FFOPO, as depicted in Fig. 1(b). Here, the signal wavelengths range from about 1.7 um
to 1.95 um and the idler wavelengths are between 2.6 and 2.2 um. In Fig. 4, the generated DFG
power (Fig. 4(a)), as well as the photon efficiency (Fig. 4(b)) and the used input wavelengths
(Fig. 4(c)) are shown. We also added the previously achieved results using the dual OPO/OPA
DFG concept as a comparison. The signal-idler DFG provides superior output power between 5
and 10 um wavelength, due to higher seed power available from the OPA idler. Up to 35 mW at 6
um are achieved, using 813 mW signal and 277 mW idler power. This corresponds to a photon
efficiency of 14.4%. In comparison to our dual OPO/OPA DFG concept, the photon efficiency
remains higher up to 11 um, reaching the maximum value of 15% at 7 ym wavelength.

Despite high power and a high photon efficiency in the range from 5 to 10 um, the signal-idler
DFG performance significantly drops towards longer wavelengths. However, as visible in Fig. 4(a),
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Fig. 4. a)-b) Comparison between our concept and a standard DFG setup using signal and
idler beams. In the signal-idler DFG configuration an output power as high as 35 mW is
achieved at 6 pm, corresponding to 14.4% photon efficiency. However, the performance
significantly drops towards longer wavelengths. In contrast, the dual OPO/OPA DFG setup
exhibits a very stable performance up to 20 um with mW level output power, resulting from
the optimum input wavelength range as shown in Fig. 3(a). ¢) Shows the input wavelengths
for the signal-idler DFG configuration. d) The required external angle variation to achieve
phase-matching is depicted. Precise angle tuning is required using the signal-idler scheme
in contrast to the dual OPO/OPA DFG scheme, where nearly no tuning is applied.

we observe an unexpected drop in output power in the range from 14 and 16 um. Indeed, this
drop is traced back to an optical element in the amplified FFOPO, which attenuates the available
pump and seed power between 1930 and 1950 nm due to a narrow absorption in the AR coating.
The typically expected power can be estimated by assuming a continuously decreasing power
from 13 to 17 um. Nevertheless, the generated DFG power drops to about 100 uW towards 19
um wavelength. At 20 pm no power can be measured. A qualitatively better comparison is given
in Fig. 4(b), depicting the photon efficiency and thus accounting for the applied pump power.
As visible, the signal-idler DFG becomes less efficient exceeding 12 um. This is due to the
near-degeneracy-operation of the amplified FFOPO, as visible in Fig. 4(c), which translates to
the DFG setup leading to reduced efficiency. Using the dual OPO/OPA DFG approach this effect
is avoided by tuning the pump and seed wavelengths to more optimum working points of the
input sources, as depicted in Fig. 3(b). Besides, this concept also allows to avoid absorptions,
which might appear in any AR coating, such as the previously mentioned, efficiently, due to
the additional degree of freedom of independently tunable input wavelengths. In general, the
dual OPO/OPA DFG provides a more constant efficiency and performance over the entire tuning
range from 5 to 20 um wavelength, whereas the signal-idler DFG allows higher maximum power
and efficiency between 5 and 10 pm.

Besides comparing the photon efficiencies of the two setups, we also consider the ratio between
the applied DFG pump (OPA signal) and seed (OPA idler) power, as the seed power remains
disregarded in the photon efficiency calculations. In contrast to the very high parametric single
pass gain observed in near-infrared crystals (e.g. PPLN), MIR DFG setups typically operate in
the low gain regime and both pump and seed contribute linearly to the frequency conversion [33].
Thus, comparable pump and seed power is favorable. Using the signal-idler DFG, the mean ratio
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between pump and seed power within the MIR tuning range is 2.5. In the dual OPO/OPA DFG
concept, the mean ratio between pump and seed power reaches 4. Thus, with respect to the pump
power, the dual OPO/OPA DFG performance could be further enhanced by applying higher seed
power, which is currently limited by the available pump power of our Yb:KGW laser.

The most important difference between the two setups is depicted in Fig. 4(d), which shows
the required angle rotation to cover a tuning range from 5 to 20 um. Whereas the angle of the
dual OPO/OPA DFG remains constant over a broad range, significant tuning is required using the
signal-idler DFG. About 10° crystal rotation is required in total, and about 5° in the range, where
the dual OPO/OPA DFG scheme provides a nearly constant angle (< 0.3° rotation).

4. Summary

In conclusion, we present a versatile DFG scheme, which is based on independently tunable
input beams. The system provides stable performance in a wavelength range from 5 to 20
pm with about 5% photon efficiency over the most part of the tuning range with several mW
output power. Thus, the system provides enough power for most spectroscopic applications,
including Fourier-transform infrared (FTIR) spectroscopy, scattering type scanning-near-field
optical microscopy (SNOM), pump-probe experiments and many more. Moreover, the system
avoids spatial beam offset due to rotation of the nonlinear DFG crystal over a broad wavelength
range. Thus, beam offset compensation becomes dispensable. This concept can be transferred to
different nonlinear materials and seeding units. Further power scaling is possible by increasing
the power of the seeding unit, which is currently limited by the output power of the Yb:KGW
laser. We believe that this concept is highly suited for spectroscopic measurements in the range
from 10 to 20 um, where beam pointing and available MIR power are limiting factors. Research
in the field of superconducting materials, semiconductors, plasmonics, and life sciences can
benefit from this concept.
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