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We report a continuous-wave (cw) source of tunable mid-infrared radiation providing tens of milliwatt of output
power in the 6460–7517 nm spectral range. The source is based on difference-frequency generation (DFG) in ori-
entation-patterned (OP)-GaAs pumped by a Tm-fiber laser at 2010 nm and a 1064 nm-Yb-fiber-pumped cw optical
parametric oscillator. Using a 25.7-mm-long OP-GaAs crystal, we have generated up to 51.1 mW of output power at
6790 nm, with>40 mW and>20 mW across 32% and 80% of themid-infrared tuning range, respectively, which is to
the best of our knowledge the highest tunable cw power generated in OP-GaAs in this spectral range. The DFG
output at maximum power exhibits passive power stability better than 2.3% rms over more than 1 h and a frequency
stability of 1.8 GHz over more than 1 min, in high spatial beam quality. The system and crystal performance at high
pump powers have been studied. © 2014 Optical Society of America
OCIS codes: (140.3070) Infrared and far-infrared lasers; (190.2620) Harmonic generation and mixing; (190.4360) Non-

linear optics, devices; (190.4400) Nonlinear optics, materials; (190.4970) Parametric oscillators and amplifiers; (140.3510)
Lasers, fiber.
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Continuous-wave (cw) laser light sources with extended
tunability in the mid-infrared (mid-IR) are of consider-
able interest for a diverse range of applications, including
spectroscopy and trace gas detection [1,2]. In particular,
the 6–8 μm wavelength range is attractive for medical
and biological applications [3]. With the scarcity of solid-
state lasers, quantum cascade lasers (QCLs) are viable
sources, capable of providing hundreds of mW of cw
power in the mid-IR [4]. However, wide tuning together
with narrow linewidth still remain limitations. As such,
for practical generation of widely tunable cw radiation
in the mid-IR, nonlinear optical techniques based on dif-
ference-frequency generation (DFG) [2] and optical para-
metric oscillators (OPOs) [5] still represent a highly
effective approach. The cw OPOs based on MgO-doped
periodically poled LiNbO3 (MgO:PPLN) are now firmly
established as the most effective approach for the gener-
ation of tunable high-power radiation up to ∼4 μm [6],
with wavelengths up to 5 μm also obtained at the mW
power level [7]. However, the intrinsic onset of absorp-
tion in MgO:PPLN and other oxide-based ferroelectric
materials beyond ∼4 μm presents a fundamental barrier
to wavelength generation at practical powers further into
the mid-IR. As such, the search for alternative nonlinear
materials with high transmission above ∼4 μm and effec-
tive techniques for spectral expansion into the longer
mid-IR wavelengths must be explored.
In this context, orientation-patterned (OP)-GaAs is a

highly attractive nonlinear crystal. Its high nonlinear
coefficient �deff � d14 ∼ 94 pm∕V� [8], wide transparency
across 0.9–17 μm, high thermal conductivity (46 W/mK),
and high damage threshold [9] make it a primary candi-
date for deep mid-IR generation. Its nonlinear figure of
merit, F � d2eff∕n3 (n is the refractive index), is nearly
ten times that of MgO:PPLN. In an early report, a pulsed

OPO based on OP-GaAs, tunable in the 5.7–9.1 μm range
was demonstrated, using a PPLN OPO pumped by a
Q-switched Nd:YAG laser at 1064 nm [10]. Recently, a
pulsed OP-GaAs OPO tunable over 8.8–11.5 μm was re-
ported using direct pumping with a Q-switched Tm,
Ho:YLF laser [11]. However, the development of cw
OPOs at wavelengths >4 μm still remains a major chal-
lenge, in a large part due to the high threshold sensitivity
to cavity loss in practical singly resonant configuration,
combined with the difficulty in achieving relatively com-
plex mirror and crystal coatings of high quality and low
loss in the deep mid-IR spectral range to achieve oscilla-
tion threshold. In the meantime, one can circumvent this
obstacle by deploying the alternative technique of DFG,
which is single-pass and does not require the attainment
of an oscillation threshold. The technique can provide an
effective and robust approach for the generation of non-
negligible output powers at longer wavelengths [2]. In the
past few years, DFG based on OP-GaAs, with cw output
powers up to several μW has been demonstrated [12]. A
few years ago, a cw source tunable across 7.6–8.2 μm
with sub-mW output power was reported by using DFG
between an Er-doped fiber source and a Tm-doped fiber
laser in OP-GaAs [13]. Although these sources provide
coverage across an important spectral range of interest
in the deep mid-IR, the attainment of high output power,
leading to noise-free, pure spectral output is yet to be
demonstrated. In this Letter, we report the generation
of multitens of mW level output power in the spectral
range of 6.4–7.5 μm by exploiting DFG between a high-
power Yb-fiber-pumped cw OPO and a cw Tm-fiber laser
in OP-GaAs. Today, cw OPOs based on MgO:PPLN are
well established as practical and reliable sources of tun-
able radiation in the mid-IR capable of delivering watt-
level output power across 2–4 μm [6,14]. With further
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advances in fiber laser technology, high-power cw
Tm-fiber lasers at ∼2 μm are also now becoming com-
mercially available with improving performance for non-
linear frequency conversion applications [15]. Hence, the
combination of tunable watt-level cw MgO:PPLN OPOs
and high-power Tm-fiber lasers can be effectively ex-
ploited to achieve wavelength generation into the deep
mid-IR at practical powers, and with wide tunability,
using the DFG technique. By deploying such a scheme
in OP-GaAs, we have generated cw radiation across
6460–7517 nm, with as much as 51.1 mW of output power
at 6790 nm and >40 mW across 32% of tuning range,
in TEM00 spatial mode profile, with good power and
frequency stability. To the best of our knowledge, these
are the highest cw powers generated with OP-GaAs,
with broad tunability in the deep mid-IR.
The schematic of the experimental setup is shown in

Fig. 1. The first pump source used is a commercial cw
Tm-fiber laser (IPG Photonics, TLR-50-2010-LP), deliver-
ing up to 43 W of output power at 2010 nm in a linearly
polarized beam with a quality factor of M2 � 1.2. The
linewidth of the laser, measured using an optical spec-
trum analyzer with a resolution of 0.1 nm, is ∼1.5 nm.
The second pump source is a home-built cw OPO based
on an earlier design [6], but using a 38-mm-long MgO:
PPLN, pumped by a commercial cw Yb-fiber laser
(IPG Photonics, YLR-30-1064-LP-SF) at 1064 nm. The
OPO is singly resonant for the signal, and provides
tunable output across 2.4–2.9 μm in the nonresonant id-
ler, with as much as 4.9 W of cw power at λi � 2748 nm
for grating period of ΛMgO:PPLN � 31.5 μm. The OPO
signal linewidth at λs � 1683.9 nm, measured using an
optical spectrum analyzer, is Δλs � 0.9 nm, limited by
the instrument resolution. However, given the single-
frequency nature of the cw Yb-fiber pump laser
(Δλ ∼ 89 kHz), the generated signal and idler are ex-
pected to also be single-frequency. The Tm-fiber laser
is operated at maximum power, and the input power, P1,
for DFG is adjusted using a combination of a half-wave
plate (H1) and a polarizing beam splitter (PBS). A second
half-wave plate (H2) is used to control the pump polari-
zation for phase-matching in the DFG crystal. The output
power from the OPO, P2, is adjusted by varying the
Yb-fiber pump power using a combination of a half-wave
plate and a polarizing beam-splitter cube [6]. For DFG,
we used 25.7-mm-long, 9-mm-wide, 2.1-mm-thick OP-
GaAs crystal with grating period of ΛOP-GaAs � 63.5 μm.
The crystal has antireflection (AR)-coated end-faces over
2000–8000 nm (R < 18%) and is housed in an oven with
stability of �0.1°C, which can be controlled from room
temperature to 200°C. The pump beams, P1 and P2, are

both e-polarized, allowing type 0 (ee → e) phase-match-
ing for DFG in the OP-GaAs crystal. The lenses, L1;2
and L3;4, are used to adjust the beam diameters, while
mirrors M2;3 and M4;5 are used to optimize spatial overlap
of the two beams, P1 and P2, on lens, L5, respectively.
Mirror, M5, is reflective (R > 90%) for P2, while highly
transmitting (T > 99%) for P1. The lens, L5, of focal
length, f � 300 mm, is used to focus P1 and P2 to waist
radii of w1 ∼ 49 μm and w2 ∼ 62 μm, corresponding to
confocal focussing parameters of ξ1 � 1.02 and
ξ2 � 0.92, respectively, at the center of the OP-GaAs crys-
tal (b1 ∼ b2). Dichroic mirror, M6, is used to separate P1,
while filter F1 is used to separate P2, from the generated
DFG beam. To reject any residual P1 and P2 while record-
ing the DFG power, we used an additional filter, F2.

The DFG spectral tuning in the mid-IR in the present
device is achieved by tuning the OPO idler wavelength.
To study the DFG tuning range, we varied the tempera-
ture of the MgO:PPLN crystal, TOPO, and simultaneously
adjusted the phase-matching temperature, TDFG, of the
OP-GaAs crystal, at maximum pump powers. By varying
TOPO from 40°C to 105°C, and TDFG from 38.5°C to 190.5°
C, we were able to achieve DFG tuning across
6460–7517 nm. Figure 2(a) shows the measured DFG
wavelengths using a wavemeter (Bristol 721 Spectrum
Analyzer) with absolute accuracy of �1 ppm for mid-
IR, and the calculated values using energy conservation
(ν1 − ν2 � νDFG, where ν1, ν2, and νDFG are the frequen-
cies of the Tm-fiber, OPO idler, and DFG output, respec-
tively), as a function of OPO idler wavelength. As evident
from the plot, we were able to obtain continuous DFG
spectral coverage over ∼1050 nm by tuning the OPO idler
wavelength over only ∼170 nm. Figure 2(b) shows the
measured DFG tuning range, together with the calculated
curve using the Sellmeier equations for OP-GaAs [16], as
a function of the crystal temperature. The slight discrep-
ancy in the DFG phase-matching temperature is attrib-
uted to the heating of the OP-GaAs crystal at higher
input pump powers.

We measured the generated DFG output power across
the mid-IR for a fixed available Tm-fiber laser power

Fig. 1. Schematic of the experimental setup. PBS, polarizing
beam splitter; H1;2, half-wave plates; L1–4, lenses; M1–6, mirrors;
F1;2, filters.

Fig. 2. Measured (filled circle) and calculated (solid line)
(a) DFG tuning range across the OPO idler wavelength and
(b) DFG wavelength versus the OP-GaAs crystal temperature.
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of 36.7 W, and fixed maximum OPO idler power at any
given idler wavelength, at the input to the OP-GaAs crys-
tal. The results are shown in Fig. 3, where it can be seen
that the generated DFG was continuously tunable across
the entire 6460–7517 nm range, providing >40 mW
and >20 mW over 32% and 80% of the full DFG spectral
coverage, respectively, with a maximum of 51.1 mW at
λDFG � 6790 nm. The data correspond to the generated
power at the exit face of the OP-GaAs crystal, after
correction for a total transmission loss of ∼20% through
the dichroic mirror, M6, and the two filters, F1 and F2.
The drop in the DFG power at the center of the tuning
range is due to the corresponding drop in the OPO idler
power, owing to the maximum absorption coefficient of
the OH-vibration peak at 2826 nm in the MgO:PPLN
crystal [17]. The inset of Fig. 3 shows the corresponding
maximum OPO idler power available for DFG across the
tuning range. The DFG power across the tuning range
follows a similar behavior to the input OPO idler power,
except at longer DFG wavelengths. This is attributed to
the increased reflectivity of the AR coating on the OP-
GaAs crystal, as well as reduced transmission of dichroic
mirror, M5, at longer DFG wavelengths.
To further investigate the performance of the mid-IR

cw DFG device, we performed power scaling measure-
ments, while maintaining one of the input pump powers
fixed at the maximum. Keeping the Tm-fiber power fixed
at 36.7 W, and increasing the OPO idler power by increas-
ing the Yb-fiber pump power, we recorded the DFG out-
put power at λDFG � 6543 nm as a function of input OPO
idler power. The result is shown in Fig. 4(a). The DFG
power increases linearly with the input OPO idler power,
reaching as high as 47.6 mW. While performing the power
scaling measurement, TDFG was adjusted as the OPO id-
ler power was varied, because of the change in the OPO
idler wavelength with the increase in the Yb-fiber pump
power. As shown in the inset of Fig. 4(a), TDFG increases
from 45°C to 48.5°C with the increase in the input OPO
idler power to maximum, while the idler wavelength
simultaneously decreases from 2910.5 to 2900.9 nm.
We then recorded the variation of DFG output power
with the increase in Tm-fiber power, while keeping the
OPO idler power fixed at the maximum value of 2.9 W
at λi � 2901 nm. The result is shown in Fig. 4(b). As
evident, the DFG output power has a similar linear
dependence on the Tm-fiber pump power. While increas-
ing the laser pump power, TDFG was adjusted to generate

maximum DFG power at λDFG � 6543 nm. As shown in
the inset of Fig. 4(b), TDFG decreases from 51.7°C to
48.5°C, with the increase in the Tm-fiber pump power,
due to the heating of the OP-GaAs crystal at high pump
powers. We also investigated stronger and looser focus-
ing for both beams, P1 and P2, with smaller beam waist
radii (w1 ∼ 35 μm, w2 ∼ 45 μm) and larger beam waist
radii (w1 ∼ 88 μm, w2 ∼ 110 μm), respectively, at the
center of the OP-GaAs crystal, by changing the focal
length of lens, L5. However, this resulted in lower DFG
output power, which could be due to the reduced spatial
overlap of P1 and P2 beams within the OP-GaAs crystal.

We then recorded the passive power stability of the
DFG output at 6604 nm at the maximum input pump
powers, under free-running conditions. The result is
shown in Fig. 5, where the generated mid-IR power is
recorded to exhibit a passive stability better than
2.3% rms over >1 h. The instability in power is attributed
to the mechanical vibrations and air currents in the
laboratory and possible mode-hopping in the OPO in
the absence of active stabilization. The DFG power sta-
bility is expected to be improved with active control of
the OPO, as well as thermal and mechanical-vibration
isolation of the system. The inset of Fig. 5 shows the
near-field energy distribution of the mid-IR output beam
at 6604 nm, at maximum pump powers, recorded using
Pyrocam III camera. The result confirms excellent spatial
quality with a beam circularity >95%. Similar profiles
were obtained across the entire DFG tuning range.
Moreover, we have not observed any degradation in
the beam quality, nor damage to the OP-GaAs crystal
or the AR coating, after sustained long-term operation.

Fig. 3. Variation of DFG power across the tuning range, at
maximum pump powers. Inset: corresponding input OPO idler
power available for DFG across the tuning range.

Fig. 4. Dependence of the measured cw DFG power at
6543 nm on (a) incident OPO idler power and (b) incident
Tm-fiber pump power. Solid lines are guide to the eye. Insets:
(a) OP-GaAs quasi-phase-matched temperature, and the corre-
sponding OPO idler wavelength, as a function of OPO idler
power. (b) OP-GaAs crystal temperature as a function of laser
pump power at λDFG � 6543 nm. Solid lines are guide to the eye.
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We also investigated the frequency stability of the
generated cw mid-IR radiation by recording the DFG
frequency as a function of time using a wavemeter
(Bristol 721) at maximum power. The result is shown in
Fig. 6. Under free-running conditions and in the absence of
thermal isolation, the DFG output exhibits a peak-to-peak
frequency deviation of ΔνDFG � 1.8 GHz over >1 min ,
with a central wavelength of 6590.1494 nm. With better
isolation of the system, and active stabilization of OPO
and Tm-fiber laser wavelength, further improvements in
the frequency stability of the mid-IR output are expected.
Also shown in the inset of Fig. 6 is the DFG spectrum at
λDFG � 6604 nm, measured using a spectrum analyzer
(Bristol 721), with a spectral resolution of 6 GHz in the
mid-IR. As can be seen, the spectrum has a FWHM line-
width of 4.5 nm (∼30 GHz). The measured frequency
stability also indicates the narrow linewidth of the DFG
output.
In conclusion, we have demonstrated a tunable source

of cw radiation for the mid-IR, providing multitens
of mW output power in the 6460–7517 nm spectral range,
for the first time to the best of our knowledge. To achieve
such high powers, together with a broad tuning range, we
have exploited single-pass DFG between a high-power
cw Tm-fiber laser and an Yb-fiber-pumped cw OPO in
OP-GaAs. The system provides up to 51.1 mW of cw
power in the deep mid-IR, in high beam quality, with good

passive power and frequency stability. The output power
can be further increased with higher cw OPO idler
powers using a longer (∼80 mm) MgO:PPLN crystal,
and improved AR coatings on the OP-GaAs crystal. Given
the great interest in the wavelength regions of 4–6 μm and
8–12 μm, the atmospheric transmission window for
safety and security applications, by using an OP-GaAs
crystal with grating periods of ∼57 and ∼69 μm, and OPO
idler wavelengths across 3.08–3.96 μm and 2.58–2.72 μm,
the obtained tuning range can be further extended to 4.0–
5.7 μm and 7.7–9.0 μm, respectively, using the same cw
Tm-fiber laser at 2010 nm. With thermal and mechanical
isolation, and electronic control of the OPO pump
source, the power and frequency stability of the DFG out-
put can be further enhanced. These features make the
device a promising source of tunable cw radiation in
the deep mid-IR for a variety of applications.
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Fig. 6. Frequency stability of DFG output at maximum power
over more than 60 s. Inset: DFG spectrum.
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