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Abstract
Frequency combs with a wide instantaneous spectral span covering the 3–20 µm molecular fingerprint region are highly 
desirable for broadband and high-resolution frequency comb spectroscopy, trace molecular detection, and remote sensing. 
We demonstrate a novel approach for generating high-average-power middle-infrared (MIR) output suitable for producing 
frequency combs with an instantaneous spectral coverage close to 1.5 octaves. Our method is based on utilizing a highly-
efficient and compact Kerr-lens mode-locked  Cr2+:ZnS laser operating at 2.35-µm central wavelength with 6-W average 
power, 77-fs pulse duration, and high 0.9-GHz repetition rate; to pump a degenerate (subharmonic) optical parametric oscil-
lator (OPO) based on a quasi-phase-matched GaAs crystal. Such subharmonic OPO is a nearly ideal frequency converter 
capable of extending the benefits of frequency combs based on well-established mode-locked pump lasers to the MIR region 
through rigorous, phase- and frequency-locked down conversion. We report a 0.5-W output in the form of an ultra-broadband 
spectrum spanning 3–8 µm measured at 50-dB level.

1 Introduction

Laser frequency combs in the MIR spectral range are vital 
for many applications ranging from fundamental molecular 
spectroscopy and the study of molecular dynamics to multi-
species trace gas sensing and hyperspectral imaging in the 
molecular fingerprint region. Additionally, many applica-
tions such as remote sensing and nonlinear comb spectros-
copy require comb generators with a high average power 

and/or high power per comb tooth [1]. In the latter case, fre-
quency combs with large mode spacing (GHz range) are of 
particular interest. MIR frequency combs can be generated 
directly from crystalline, fiber-based or quantum cascade 
mode-locked lasers, via difference frequency generation 
(DFG), optical parametric oscillators (OPOs), or in high-
Q microresonators pumped by single-frequency MIR lasers 
[1].

In terms of frequency combs with a high average power 
in the molecular fingerprint wavelength range (λ > 3 µm), 
the best results so far have been achieved in OPO and DFG 
based systems. Adler and co-authors reported a high-power 
fully stabilized OPO-based MIR comb, where a singly-res-
onant linear-cavity OPO was synchronously pumped by a 
10-W femtosecond (fs) 1.07-µm Yb-fiber laser. The OPO 
employed a 7-mm periodically poled lithium niobate (PPLN) 
crystal with a variable poling period; its center wavelength 
was continuously tunable from 2.8 to 4.8 µm and the maxi-
mum MIR power of 1.42 W was obtained at 3.2 µm center 
wavelength with an instantaneous bandwidth of 0.3 µm 
[2]. Cruz et al. produced high average power frequency 
combs based on DFG. The amplified fs pulses at 1.05 and 
1.55 µm, seeded by the same oscillator (the average power 
in each of the beams was, respectively, 4 W and 140 mW), 
were mixed in a 3-mm-long MgO:PPLN crystal to produce 
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tunable (2.6–5.2 µm) output at a 100 MHz repetition rate. 
The highest DFG average power of 500 mW was reported 
for the output that spanned 2.8–3.5 µm [3]. On the longer 
wavelength side, broadband two-optical-cycle MIR pulses 
with an average power of 100 mW at a 100 MHz repetition 
rate and the spectrum spanning 6.8–16.4 µm were obtained 
from a DFG source driven by a Yb:YAG thin-disc fs oscil-
lator with a 90-W average power [4]. The authors used a 
1-mm-thick  LiGaS2 (LGS) nonlinear crystal to produce a 
MIR output via self-mixing the spectral components of the 
same ultra-broadband pulse centered at λ = 1.03 µm.

A new technique suitable for generating ultra-broad-
band MIR frequency combs, based on a synchronously 
pumped degenerate OPO (also referred to as a subharmonic 
or frequency-divide-by-2 OPO), which rigorously both 
down-converts and dramatically augments the spectrum 
of a pump laser source, has been demonstrated [5, 6]. This 
technique proved to be suitable for generating broadband 
MIR combs using, as nonlinear material, periodically poled 
lithium niobate, orientation-patterned gallium arsenide (OP-
GaAs) and orientation-patterned gallium phosphide (OP-
GaP), combined with different pump lasers. These systems 
include Er–fiber pumped PPLN (comb span 2.5–3.8 µm) 
[5] and OP-GaP OPO (comb span 2.3–4.8 µm) [7], Tm-
fiber pumped OP-GaAs OPO (comb span 2.6–6.1 µm) [8], 
and  Cr2+:ZnS-laser -pumped OP-GaAs OPO (comb span 
3.6–5.6 µm) [9]. Such a device serves as an ideal frequency 
divider that is phase locked to the pump laser. The coherence 
properties of doubly resonant femtosecond OPOs were stud-
ied in detail in [10, 11], where sub-hertz relative linewidths 
between the pump and OPO comb teeth, as well as a clean 
division of pump carrier-envelope offset (CEO) frequency 
by 2 were experimentally demonstrated. Another attractive 
feature of subharmonic generators is the full recycling of the 
generated photons resulting in high conversion efficiency; 
for example, an optical conversion efficiency of 64% in a 
subharmonic OPO has been demonstrated in [12].

The choice of a pump laser is critical for an ultra-broad-
band subharmonic OPO and depends on the nonlinear opti-
cal crystal in use. One needs to take into account linear and 
multi-photon absorption, group velocity dispersion, and 
other properties. As a general remark, long pump wave-
lengths are beneficial since one can get deeper into MIR by 
generating a subharmonic. Recently, Watt-level mode-locked 
fs laser sources based on thulium-doped fibers at λ ≈ 1.95 µm 
[13, 14], erbium-doped fluoride fibers at λ ≈ 2.8 µm [15], 
Ho:YAG thin disks at λ ≈ 2.09 µm [16], and transition-metal-
doped II–VI semiconductors [17, 18], among which ZnS and 
ZnSe doped with  Cr2+ ions (center λ = 2.3–2.4 µm) are most 
frequently used, have been demonstrated. The advantages 
of Cr:ZnS/ZnSe lasers include a very broad gain bandwidth 
that allows producing short (down to few optical cycles) 
pulses, the absence of excited state absorption, close to 

100% quantum efficiency of fluorescence, and convenient 
pumping by erbium and thulium fiber lasers with a conver-
sion efficiency in excess of 60%. Currently Cr:ZnS/ZnSe 
lasers enable producing up to 140 W of the output power 
when operated in the continuous-wave (CW) regime [19], 
more than 7 W of the average power in the mode-locked 
regime [20], and up to 1 GW of peak power in the regime of 
chirped-pulse amplification [21]. Cr:ZnS/ZnSe lasers have 
also proven to be very suitable for pumping MIR OPOs 
based on GaAs [9]. Specifically, due to low group dispersion 
of GaAs near the lasers’ subharmonic frequencies (~ 5 µm) 
one can attain a very broad (up to 2 octaves) parametric gain 
bandwidth at degeneracy.

In this paper, we present a compact femtosecond MIR 
source with large, ~ 1 GHz, mode spacing that is based on 
a subharmonic OP-GaAs OPO and that delivers an ultra-
broadband output spanning 3–8 µm with an average power 
of 0.5 W.

2  Cr2+:ZnS laser setup

Due to their broad absorption and emission bands, Cr:ZnS 
and Cr:ZnSe are often referred to as ‘Ti:sapphire of the 
middle-infrared’. Recent commercial availability of quality 
Cr:ZnS and Cr:ZnSe crystals, coupled with the convenience 
high power fiber lasers for optical pumping have stimulated 
rapid progress of fs Cr:ZnS and Cr:ZnSe lasers. Femtosec-
ond oscillators based on all major mode-locking techniques 
have been implemented over the past decade, as reviewed 
in [22, 23].

In our design of the pump laser we rely on the Kerr-lens 
mode-locking technique [18, 20, 24, 25] as it allows for 
shorter pulses, higher power in comparison with, e.g. mode-
locked lasers based on semiconductor saturable absorbers. 
We use X- folded linear resonators with an unconventional 
normal incidence (as opposed to Brewster’s angle incidence 
used before) mounting of the AR coated polycrystalline gain 
elements. We avoid the use of prisms or plates for control 
of the chromatic dispersion and instead tailor the dispersion 
spectra of the optical coatings; we usually control second 
and third order dispersion within one-third of an octave. 
Cr:ZnS and Cr:ZnSe provide many possibilities for power 
and energy scaling of fs pulses centered near λ = 2.35 µm. 
Relatively high emission cross sections and long upper-state 
lifetimes of these materials enable extremely compact and 
robust single-pass amplifiers with unique output parameters, 
including: multi-Watt average power, multi-MW peak power 
(in the regime of amplified single pulses), broad spectral 
spans (Δλ ≈ 1.3 µm at − 30 dB level), and a range of repeti-
tion rates (from kHz to GHz).

A schematic of our ultrafast Cr:ZnS laser source imple-
mented for synchronous pumping of an OPO, is shown in 
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Fig. 1. The system includes Kerr-lens mode-locked Cr:ZnS 
master oscillator at 2.35 µm central wavelength (MO) and a 
full repetition rate single-pass Cr:ZnS amplifier (PA). The 
fs MOPA is pumped by the radiation of off-the-shelf CW 
Er-doped fiber lasers (EDFLs) at λ ≈ 1.57 µm.

The MO (PA) modules were equipped with 4  mm 
(9 mm) long AR coated polycrystalline Cr:ZnS gain ele-
ments with an ~ 16% (~ 2%) small signal transmission at 
1.57 µm pump wavelength. The gain elements were cooled 
with room-temperature water. All dielectric mirrors were 
dispersion-controlled. Spatial mode-matching of the laser 
beams was implemented by optimization of the optical path 
length between the units. An inter-stage optical isolation 
was unnecessary. The fs Cr:ZnS MOPA was operated in a 
standard lab environment at 30–40% relative humidity (at 
room temperature).

The repetition rate of the MO was set to 0.9 GHz. This 
high repetition rate allowed us to reduce the length of the 
optical resonator to 17 cm and provided a good balance 
between the average and peak power of fs pulses, which is 
necessary for efficient pumping of an OPO. The footprints 
of the units are indicated in Fig. 1 and include the optical 
mounts but exclude the EDFA pumps.

The output characteristics of ultrafast Cr:ZnS MOPA are 
shown in Fig. 2. As can be seen, the amplifier fully preserves 
the spectral and temporal parameters of the seed pulses. We 
relied on the control software of our autocorrelator (A·P·E 
corporation) and used the  sech2 fit of the autocorrelation 
functions for evaluations of the pulse duration. We estimate 
the duration of the output pulses to be 77 fs (10 optical 
cycles) with the time-bandwidth product of 0.32.

Figure 2c shows a close-to-linear dependence of the 
output power vs. the EDFL pump power. We measured the 
average MIR power of 7.25 at 17 W pumping. Thus, high 
conversion efficiency of CW EDFL radiation to fs MIR 

pulses (η = 37%) was combined with a high gain (G = 8) 
in our experiment. The obtained parameters correspond 
to 8.1 nJ energy and 100 kW peak power of pulses at a 
0.9 GHz repetition rate.

The output beam profile, measured by a pyroelectric 
camera, is shown in the inset in Fig. 2b. The high qual-
ity of the output beam has allowed for efficient coupling 
of Cr:ZnS laser radiation to the OPO resonator. Thermal 
optical effects inside the gain element of Cr:ZnS amplifier 
induced some dependence of the output parameters of the 
Gaussian beam (size and divergence) on the output power. 
We used this dependence to fine-tune the spatial mode-
matching between the laser beam at 2.35 µm and the OPO. 

Fig. 1  Schematic of the ultrafast  Cr2+:ZnS laser source. MO  Kerr-
lens mode-locked Cr:ZnS master oscillator, PA single-pass full repeti-
tion rate Cr:ZnS power amplifier, EDFL fiber laser, L focusing lens, 
HR dielectric coated dispersive high reflectors, OC output coupler for 
Cr:ZnS laser radiation. All optical coatings are dispersion controlled

Fig. 2  Measured 2nd order autocorrelations (ACs), spectra, and the 
average power of MOPA pulses. a Initial AC (top, amplifier is off) is 
compared with the final AC (bottom, amplifier is on). Numbers near 
ACs show the pulse durations Δτ (estimated using  sech2 fit). b Initial 
spectrum (blue) normalized to unity; final spectrum (red) normalized 
to the optical power; grey lines show intermediate spectra, obtained 
during the gradual increase of pump power (all normalized to power). 
Numbers near the spectra show the output power and spectral band-
width (FWHM). An insert in (b) shows the beam profile at a 7.25 W 
output power. Spectra were measured by a Princeton SP2150 mono-
chromator with 150 g mm− 1 grating and a Thorlabs PDA20H detec-
tor. c The average power of the fs Cr:ZnS MOPA pulses vs. pump 
power
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Our OPO experiments were carried out at 6-W maximum 
average power of the Cr:ZnS MOPA.

3  Frequency‑divide‑by‑two OPO

The OPO design is similar to that described in [9, 26] 
with one major difference of a tenfold pulse repetition rate 
increase and the corresponding decrease of the resonator 
size. The OPO had a bow-tie ring resonator (Fig. 3) with a 
34-cm optical roundtrip length matching the 0.9-GHz pump 
laser pulse repetition rate. It includes two off-axis gold-
coated parabolic mirrors (OAP, off-axis angle 30°, apex 
radius 20 mm, effective focal length ≈ 10 mm), a dielectric 
coated input coupler for pump pulses (IC) on a 3 mm-thick 
YAG substrate, and a gold-coated plane high reflector (HR). 
The dielectric coating of the input coupler provided high 
transmission (> 85%) at 2.35 µm pump wavelength and high 
reflection (~ 95%) for the 3–7 µm OPO band, centered at 
4.7-µm half-subharmonic of the pump laser.

As a nonlinear gain element we used an uncoated 0.5-
mm thick OP-GaAs crystal with a quasi-phase matching 
period of Λ = 88 µm. The OP-GaAs crystal was grown by 
a combination of molecular-beam and hydride vapor phase 
epitaxial growth at BAE systems [27]. The sample was 
mounted at Brewster’s angle and oriented such that all the 
beams inside the crystal propagated along < 110 > direc-
tion of GaAs, while polarizations of all the participating 
beams, namely the pump beam and the OPO signal and 
idler beams were parallel to < 111 > direction. A thin 
ZnSe wedge with 1° apex angle was installed inside the 
OPO resonator (see Fig. 3) for two purposes: (i) disper-
sion control and (ii) as a broadband output coupler for 
signal/idler waves. The net dispersion of the OPO resona-
tor was adjusted by varying the wedge thickness, while 

the outcoupling was adjusted by tilting the wedge away 
from Brewster’s angle. Thus, the OPO had three output 
ports, as shown in Fig. 3. The main signal at the subhar-
monic wavelength was equally split between the Outputs 
#1 and #2; the depleted pump (and a small fraction of the 
subharmonic) was transmitted through the input coupler 
(the Output #3).

In the process of the OPO alignment, the distance 
between the OPO parabolic mirrors, as well as the posi-
tion of the OP-GaAs nonlinear gain crystal were adjusted 
to achieve the best spatial mode overlap between the OPO 
eigenmode and the pump laser beam. The size of the 
pump beam (after the mode-matching optics) at the first 
OAP mirror inside the OPO cavity was estimated to be 
w = 0.66 mm (1/e2 intensity radius) resulting in the focused 
beam size of w0 = 11 µm. Taking into account the oblique 
incidence at Brewster’s angle, we estimate the pump peak 
intensity inside the OP-GaAs crystal, at the maximum 6 W 
of average power used in our experiment, to be 13 GW/
cm2. At this level of peak intensities, we did not see any 
negative effects of the three-photon absorption in the GaAs 
crystal induced by the 2.35-µm pump, in full accordance 
with [28].

The OPO was enclosed in a Plexiglas box and purged 
with dry nitrogen. The footprint of the OPO setup is indi-
cated in Fig. 3 and includes the optical mounts without the 
mode-matching optics. The overall footprint of the setup 
was about 1 m2, however, only ~ 0.06 m2 was occupied 
by the lasers and the rest was used to provide the opti-
cal paths for the spatial mode-matching. Furthermore, we 
mostly used the standard optical mounts and did not put 
any special effort into the footprint reduction. Nonethe-
less, we believe that the whole source, consisting of the fs 
Cr:ZnS MOPA and the OPO, can be easily packaged to a 
shoebox-size of 0.25 m2.

Fig. 3  Schematic of the synchronously pumped subharmonic OPO. HR gold coated flat mirror, OAP gold coated parabolic mirrors, IC output/
input coupler, PZT piezo transducer, ZnSe wedge with 1° apex angle for dispersion control and OPO outcoupling. Inset: photo of the OPO setup
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4  Results

The doubly resonant OPO is interferometrically sensitive to 
the cavity length adjustment and operates at a few individual 
cavity resonances (peaks) spaced, in terms of the roundtrip 
length, approximately by half of the OPO central wavelength 
[5]. Scanning of the OPO resonator length by a piezo trans-
ducer (PZT) around a synchronous pumping optimum is 
illustrated in Fig. 4. We have selected for our measurements 
a peak that corresponded to the broadest degenerate spec-
trum and the highest average output power.

With a minimal OPO outcoupling (ZnSe wedge was at 
Brewster’s angle), the OPO threshold was measured to be 
162 mW, while the pump depletion that was measured at 
higher pump powers (several times above threshold) was 
as high as 90% (we used the auxiliary Output #3 for this 
measurement). Then, we gradually increased the OPO 

outcoupling and the pump power, and made several rounds 
of the OPO resonator’s optimization. The highest OPO out-
put power was obtained at 16% outcoupling (combined from 
two beams) and at the average pump power of 6 W. Although 
we were able to actively lock the OPO cavity length to one 
of the resonances (via PZT actuator and an electronic servo 
loop [5]), the available pump power at 2.35 µm was suf-
ficiently high to observe thermal self-stabilization (self-
locking for tens of seconds) of the OPO resonator cavity to 
the pump pulse train, similar to [29]. The measured average 
power of the OPO was > 0.2 W per each reflection from the 
ZnSe wedge (Outputs 1 and 2 in Fig. 3). Taking into account 
the losses in the long-pass (λ > 3 µm) filter, which we used 
before the power meter, we derived the overall MIR power in 
excess of 0.5 W. The measured pump depletion at this ‘opti-
mal’ OPO outcoupling was lower, about 40–60% (hence we 
believe the parameters of the OPO can be further improved).

Our OPO spectral measurements were performed with 
a grating monochromator (Princeton SP2150, 150 gr/mm 
grating), a cooled (77K) mercury cadmium telluride (MCT) 
detector (Teledyne Judson), and a set of long-pass filters 
(LP3000, LP4500, and LP5000 from Spectrogon). We 
did not post-process the spectrum to account for spectral 
dependences of the diffraction efficiency of the grating, sen-
sitivity of the detector and filters’ transmission. We meas-
ured the output spectrum, while the OPO resonator length 
was dithered near its optimal work point by a piezo actua-
tor, by detecting the MCT signal and demodulating it by a 
lock-in amplifier. The acquired spectrum is shown in Fig. 5. 
Also shown in Fig. 5 is the spectrum of the pump, as well 
as the reflectivity curve of the input coupler IC. As can be 
seen, the subharmonic OPO spectrum spans from 3 to 8 µm 
(− 50 dB level), which is in full accordance with our calcu-
lations based on the OP-GaAs parametric gain bandwidth, 
IC reflectivity curve, and the roundtrip intracavity group 
delay dispersion of the OPO resonator. Finally, the spectral 
brightness of our system of ~ 120 µW per mode near 4 µm 

Fig. 4  Detected OPO peaks (inverted) vs. time. The length of the 
OPO resonator is scanned at 10  Hz rate by a piezo transducer. The 
consecutive peaks of the OPO generation are separated by half of the 
OPO central wavelength (2.35 µm) in terms of the roundtrip length 
change

Fig. 5  The broadest normal-
ized measured spectrum of the 
degenerate OPO (bottom right) 
as compared to the normalized 
pump spectrum (bottom left). 
Transmission of 1 m of standard 
air is shown in gray. The top 
panel shows theoretical reflec-
tivity of the input coupler
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compares favorably with that of other high-power mid-IR 
systems operating at lower (~ 100 MHz) repetition rates, e.g. 
22 µW per mode near 3.2 µm [2], 5 µW near 3 µm [3], 3.5 
µW near 11 µm [4], and 2 µW near 5.4 µm [30].

5  Conclusion

We demonstrate a compact high-power (0.5 W) GHz-repe-
tition-rate MIR source with a broad instantaneous spectral 
span exceeding one octave (3–8 µm). In this system, we used 
readily available and wall-plug-efficient CW EDFLs to pump 
the Cr:ZnS 2.35-µm MOPA system, which in turn pumped 
the OPO. Overall, we achieved a 2.6% conversion efficiency 
from the 1.57-µm EDFL source to the broadband femtosec-
ond MIR output. Our further steps will include phase lock-
ing of the pump laser to produce, via coherent frequency 
division, a phase-stable ultra-broadband MIR frequency 
comb suitable for real-world applications.
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