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laser system tunable from 1.33 to 20 pm
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A highly stable 350 fs laser system with a gap-free tunability
from 1.33 to 2.0 pm and 2.13 to 20 pm is demonstrated.
Nanojoule-level pulse energy is achieved in the mid-
infrared at a 43 MHz repetition rate. The system utilizes
a post-amplified fiber-feedback optical parametric oscillator
followed by difference frequency generation between the
signal and idler. No locking or synchronization electronics
are required to achieve outstanding free-running output
power and spectral stability of the whole system. Ultra-
low intensity noise, close to the pump laser’s noise figure,
enables shot-noise limited measurements. © 2016 Optical
Society of America

OCIS codes: (190.4970) Parametric oscillators and ampilifiers;
(190.2620) Harmonic generation and mixing.
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A variety of applications, including remote sensing, multi-
photon microscopy, frequency comb spectroscopy, and mid-
infrared (MIR) imaging require flexible sources that provide
tunable radiation in the 1-20 pm spectral range [1,2].

Quantum cascade lasers [3] have proven to provide MIR
radiation with a compact setup, but with rather narrow spectral
bandwidth and a limited tuning range [4,5]. Parallelization is
required to cover the full MIR range. Optical parametric
frequency conversion, in contrast, provides the opportunity
to cover much broader spectral regions with a single system,
since the accessible frequencies are only limited by the trans-
parency of the nonlinear gain medium and the phase-matching
condition. As optical parametric sources are often realized with
femto- or picosecond pump lasers, they are particularly suited
for time-resolved studies.

Such broadly tunable systems can be realized by difference
frequency generation (DFG) of mode-locked Yb or Er lasers
and a supercontinuum or redshifted solitonic radiation derived
from the same oscillator [6—10]. Seidel ez a/. have recently dem-
onstrated watt-level output at 8.5 pm using this concept
[11].

Another approach is to use DFG between the signal and the
idler of an optical parametric oscillator (OPO) or amplifier
(OPA). Tuning ranges of 5-20 pm have been demonstrated
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with several tens of mW of output power in the femtosecond
regime [12,13]. Further, DFG with the signal beams of a dual
wavelength OPO has been demonstrated [14].

OPOs with MIR idler radiation can be realized [15,16], but
1 pm pumped systems are currently limited in tuning range due
to the availability of nonlinear crystals.

Lastly, cascaded OPOs can be realized [17]. This results,
however, in complex systems with limited tuning range and
high demand on low loss optics. Moreover, a general issue when
working with OPO-based systems is that applications suffer
from their limited stability due to their sensitivity to ambient
and pumping conditions. Active stabilization can mitigate these
effects, but it will introduce artifacts at the control frequencies
and increase complexity and cost.

In this Letter, we present a system which unites an ultra-
broad tuning range (1.33-20 pm), a nJ level pulse energy in
the MIR, and, importantly, both excellent long-term stability
and low intensity noise, due to the use of a robust fiber-
feedback optical parametric oscillator (ffOPO) [18-20].

The setup, as shown in Fig. 1, is based on a post-amplified
ffOPO [21], which is directly pumped by a 1.03 pm, 7 W,
450 fs Yb:KGW oscillator at a 43 MHz repetition rate [22].
The system from [21] was slightly modified such that two
10 mm long fan-out periodically-poled lithium tantalate
crystals (HC Photonics) with poling periods ranging from
24 to 34.5 pm are used for both the ffOPO and the OPA.
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Fig. 1. Schematic setup. ffOPO, fiber-feedback optical parametric
oscillator; OPA, optical parametric amplifier; DFG, difference fre-
quency generation; FTIR, Fourier-transform infrared spectrometer.
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This increased performance of the system in the 1.7-2.0 pm

signal range is of key importance for the DFG between the sig-
nal and the idler. Here, we employ two AgGaSe, crystals to
generate radiation from 4.5 to 20 pm.

The first crystal is cut for type I phase matching with 6 =
53° and does not have an AR coating. The second crystal is cut
for type II phase matching at @ = 51° and is AR coated for
1.7-2.6 pm at the input facet and for 9—16 pm at the output
facet (R < 6%). The details on phase matching, spatial and
temporal walk-off, and the nonlinear coefficient can be found
in [13]. Both crystals are 2 mm long. In both cases, the signal
and idler beam were focused to a 35 pm waist using an un-
coated CaF, lens with a 75 mm focal length. The 11-12 mrad
spatial walk-off is not critical for both type I and type II phase
matching and, thus, longer crystals could be employed for bet-
ter power extraction. The characterization of the generated
MIR pulses is carried out by a Fourier-transform infrared
(FTIR) spectrometer and a home-built autocorrelator, while
the power was measured using a thermal power meter. All
power levels are reported as measured and are not corrected
for atmospheric or filter losses, which are on the order of
10%—15% in the 1-10 pm range and higher above. The power
meter was located closely to the AgGaSe, crystal to minimize
atmospheric losses. In addition, the spectra were acquired with
minimum propagation distance in air.

Figure 2 shows the tuning range of the entire system. Up to
2.8 W of power are obtained in the 1.33-2.0 pm signal range,
while up to 0.81 W could be achieved in the idler range of
2.13—4.6 pm. The DFG tuning range is adjacent without a
gap, starting at 4.5 pm, if the type I AgGaSe, crystal is used.
Up to 94 mW (2.2 nJ) are generated at 5.5 pm, 28 mW at
10 pm, and 8 mW at 15 pm. 0.4 mW were generated at
20 pm. By employing the AR-coated type II crystal, higher
MIR power levels of 40 mW at 10 pm, 16 mW at 15 pm,
and 0.6 mW at 20 pm were achieved. Apart from the high
average power extraction, the amplified ffOPO system features
the advantage that the spectrum is tunable with sub-nm pre-
cision in the entire DFG range. Hence, the tuning range is
completely gap-free except around the degeneracy of the
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ffOPO from 2.0 to 2.13 pm. Considering the missing AR
coating of the type I crystal, we expect similar power levels
for type I phase matching, if an AR-coated crystal would be
used. This finding is in contrast to the fact that type II phase
matching provides higher nonlinearity above a 8 pm DFG
wavelength [13]. However, the crystal quality of our type I
and type II crystals may differ and, thus, bias the comparison.

The pulse duration of the OPA signal was measured to be
within the 250-400 fs range, with a typical time-bandwidth
product (TBP) of 0.4-0.6 [21]. Utilizing a home-built inter-
ferometric autocorrelator based on two-photon absorption in
an InGaAs diode, we confirmed the same pulse durations
and TBP for the idler in the 2-4.5 pm spectral region.
Here, we further investigate the pulse duration of the DFG
pulses at 6.75 pm. Therefore, the autocorrelator was changed
to a second-harmonic generation (SHG) configuration with an-
other AgGaSe, crystal of 2 mm length for frequency doubling.
An InAsSbP diode with a cutoff wavelength of 3.5 pm is em-
ployed to detect the autocorrelation trace. The wavelength of
6.75 pm is chosen to minimize atmospheric absorption due to
the long propagation, while ensuring that the SHG is located
sufficiently below the cutoff wavelength of the detector.

The free-space optical path length in air for the spectral mea-
surement has been stretched to match the path length in the
autocorrelator. Figure 3 shows both the optical spectrum (a)
and the corresponding autocorrelation (b), indicating a pulse
duration of 383 fs for a Gaussian pulse shape. With a spectral
bandwidth of 209 nm, obtained by a Gaussian fit, the resulting
time-bandwidth product is 0.53, which is an excellent value
compared to previous reports [13], despite the fact that the
spectrum is distorted by some atmospheric absorption. We
attribute this to the high-quality pump pulses from the
OPA on the one hand and the relatively short nonlinear crystal
on the other hand, which minimizes temporal distortion due to
the group velocity mismatch.

In contrast to their free-space counterparts, ffOPOs are very
robust to changes in ambient or pumping conditions. Thus,
stable performance is warranted in the entire tuning range.
We demonstrate this by recording the free-running power
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Fig. 2. Spectra and average power of the entire system including watt-level output in the signal (blue) and idler (red) range and up to 94 mW
average power in the DFG range using type I (black) and type II (gray) phase matching. The mid-infrared spectra were recorded with a resolution of

4 cm’!, using the type I phase-matched crystal.
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Fig. 3. Spectrum with 2 cm™! resolution at (a) at 6.75 pm center
wavelength and (b) corresponding interferometric SHG autocorrela-
tion. The pulse durations are calculated from the measured autocor-
relation width assuming a Gaussian pulse shape.

and spectral stability of the DFG beam at 8 pm. Figure 4 shows
that the rms power fluctuation over 4 h was 0.38%, with a
maximum peak-to-peak difference of 1.5%, which is on the
level of the performance of mode-locked oscillators. The spec-
tral drift is negligible, even over longer periods without any
active stabilization, as illustrated in Fig. 4(b). This is a result
of the combination of the ffOPO and the OPA, which decou-
ples the control parameters, such as wavelength and pulse
duration (ffOPO) and final output power (OPA). In a conven-
tional OPO, these parameters would be closely coupled, and
sophisticated dispersion management and piezo-controlled cav-
ity length would be required. Further, the atmospheric absorp-
tions that are present in both the OPA signal and the idler range
did not lead to drifts in the DFG power or the center wave-
length over the tuning range, which underlines the robustness
of the concept.

The relative intensity noise (RIN) was measured with a
home-built low-noise, 20 MHz low-pass-filtered, transimpe-
dance amplifier detector circuit using an InGaAs detector
(Hamamatsu G12182-003K). The detector’s noise figure,
which was measured with blocked light, is below the shot noise
for 1.5 mA photo current in the 10 kHz-20 MHz range, as
depicted in Fig. 5.

The measured RIN of both the ffOPO and the OPA run-
ning at maximum output power is found to be close to the RIN
of the Yb:KGW pump laser. Both the Yb:KGW oscillator and
the OPA possess an excellent noise figure with shot-noise-
limited performance (-154 dBc/Hz) from 400 kHz onward.
All measurements show some excess noise at 65 kHz, which
arises from the relaxation oscillations in the Yb gain medium
of the pump laser. The overall noise level is very low due to the
solid-state pump laser.
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Fig. 4. Power stability of the DFG output at 8 pm over (a) 4 h and
60 s (inset), sampled at 10 Hz, as well as the spectral drift stability over
60 min. Three spectra per minute were used for (b). The resolution
was 2 cm™!. The upper plot shows the center wavelength drift
obtained from a Gaussian fit.

While at low-signal wavelengths, the OPA exhibits slightly
higher noise compared to the pump laser; we found a better
noise figure compared to the pump laser when the OPA was
operated at 1800 nm. We attribute this behavior to the differ-
ent single-pass gain of the parametric frequency conversion in
the ffOPO. As a result of the extreme single-pass gain of up to
60 in the 1500 nm region [21], the ffOPO is operated at a very
low feedback (5%—10%). At 1800 nm, in contrast, a relatively
high feedback (~50%) is required and, hence, the ffOPO is less
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Fig. 5. Relative intensity noise comparison of the Yb:KGW oscil-
lator (black) and the signal of the fflOPO at 1500 nm (blue) and the
OPA (dark blue), as well as the signal at 1800 nm (green and dark

green). All measurements were taken with 1.5 mA photo current.
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susceptible to fluctuations of the pump laser, but also less out-
put power can be extracted. Due to the lack of detectors beyond
2 pm, it is not feasible to measure the noise figure of the idler
and the DFG at the extremely low noise level of our system.
Previously, it was demonstrated that signal and idler in OPAs
exhibit similar noise figures [2] and, thus, no significant excess
noise would be expected for any of the beams.

In conclusion, we have demonstrated a broadly tunable
(1.33-20 pm) 350 fs laser system with nearly transform-limited
pulses and an excellent noise figure, both in the RF domain and
over several hours in free-running operation.

Its MIR output is ideally suited for frequency comb spec-
troscopy and mid-infrared imaging using focal plane arrays,
as well as for remote sensing in the atmospheric windows.
The ultra-low noise figure is advantageous for sensitive micro-
scopic applications, such as vibrational sum-frequency spectros-
copy or scanning near-field optical microscopy.

Novel nonlinear crystals [16,23] could be used for more
efficient DFG to extract higher average power.
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