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We study the temporal coherence of an ultrabroadband
frequency comb produced in a degenerate GaAs optical
parametric oscillator (OPO) pumped by a stabilized
Tm-fiber comb, by observing multiheterodyne beats in the
RF domain. We infer that in such a regime the OPO auto-
matically produces a stable frequency comb that is phase
and frequency locked to the pump. By varying intracavity
dispersion, we achieve a comb spanning 2.6-7.5 pm at a
-20 dB level. Low pump threshold (down to 7 mW), high
average power (up to 73 mW), broad spectral coverage,
flat spectrum, and high coherence make this comb a source
suitable for various applications, foremost dual-comb
molecular spectroscopy. © 2016 Optical Society of America

OCIS codes: (190.4975) Parametric processes; (190.4410) Nonlinear
optics, parametric processes; (320.7110) Ultrafast nonlinear optics.
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Broadband phase-stabilized frequency combs and, more gener-
ally, optical pulses with well-controlled electric fields in the
mid-infrared (mid-IR; 4 > 2.5 pm) region are imperative for
a wide range of applications [1]. These include high-precision
and high-sensitivity molecular spectroscopy, trace gas detection
[2—4], dual-comb spectroscopy with massively parallel data col-
lection [5-7], x-ray production via high harmonic generation
[8], and laser-driven particle acceleration in microstructures [9].
Several techniques have been developed for producing mid-IR
combs based on mode-locked lasers [6,10], optical rectification
[5], difference-frequency generation [11-15], optical parametric
oscillators [16,17], whispering gallery microresonators [18,19],
and, most recently, quantum cascade lasers [20].

A method for broadband comb generation based on a divide-
by-2 optical parametric oscillator (OPO) was demonstrated in
[21,22]. A sync-pumped OPO operating at degeneracy rigor-
ously both down-converts and augments the spectrum of a pump
comb and manifests pulse compression in the time domain. This

0146-9592/16/071388-04 Journal © 2016 Optical Society of America

technique proved to be suitable for generating broadband combs
in the mid-IR using periodically poled lithium niobate and ori-
entation-patterned gallium arsenide (OP-GaAs) combined with
different pump lasers. These include Er—fiber-laser-pumped
(comb span 2.5-3.8 pm) [23], Cr**:ZnS-laser-pumped (span
3.6-5.6 pm) [24], and Tm-fiber-laser-pumped (span 2.6—
6.1 pm) [25] subharmonic OPOs.

In a strictly degenerate OPO, the signal and idler waves
are indistinguishable and the carrier envelope offset (CEO)
frequency fcgq is either half that of the pump, fcroopo =
J cEOpump/2 (scenario A), ot fcpo,0r0 = f cEOpump/2 +

rep /2 (scenario B)—a consequence of three constraints im-
posed by (i) the fact that the OPO mode spacing is set by
S rep» the pulse repetition frequency of the pump, (ii) doubly
resonant OPO operation, and (iii) photon energy conservation
[22]. For a nondegenerate but still doubly resonant OPO, the
signal and idler offsets are different, but nevertheless determin-
istic. The coherence properties of a doubly resonant femtosec-
ond OPO were studied in detail for degenerate [26,27] and
near-degenerate cases [28,29]. Subhertz relative linewidths be-
tween the pump and OPO comb teeth [29] and clean division
of pump CEO frequency by 2 were experimentally demon-
strated [27], thus proving that the OPO preserves coherence
of the pump.

For simultaneous detection of molecules with different
functional groups, one needs a spectrally broad comb, ideally
spanning an octave or more. The instantaneous spans of well-
characterized doubly resonant OPO combs were 3.3-5 pm
[27], 3.1-3.5 pm, and 4.8-5.7 pm [29]. The broadest span
achieved so far is 2.6—6.1 pm [25]; however, coherence proper-
ties were not assessed in that work and there were large (up to
30 dB) spectral density variations near the center of the spec-
trum. Here we report on an ultrabroadband 2.6-7.5 pm (at
-20 dB) and uniform (less than 3 dB variation at 3.1-4.8 pum)
frequency comb with up to 73 mW average power and prove its
high coherence by measuring multiheterodyne beats in the RF
domain.
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The subharmonic OPO was synchronously pumped by an
ultrafast Tm-fiber laser with a central wavelength of 1930 nm
(FWHM 110 nm), repetition rate of 115 MHz, pulse duration
of 90 fs, and average power of 330 mW. The Tm-fiber laser was
a fully stabilized frequency comb: an octave-spanning 1100—
2400 nm supercontinuum (SC) was generated in a highly non-
linear fiber and was used to phase lock the laser CEO frequency
(by fast pump power modulation) to a stable RF synthesizer
via f-to-2f interferometry, while phase locking one of the
SC comb lines relative to a 3-kHz-linewidth optical reference
near 1564 nm via cavity length tuning, to stabilize the laser
repetition rate f rep [28,29]. The sync-pumped ring cavity
OPO [Fig. 1(a)] was entirely composed of high-reflectivity
gold-coated mirrors, except for one incoupling dielectric mirror
(M1) with high transmission (>98%) around 1930 nm and
high reflection (>90%) in the range 3.1-5.7 pm. On some
occasions, the ring cavity was folded by adding one or two pairs
of gold-coated mirrors to reduce its physical size. The nonlinear
crystal was a 0.5-mm-long OP-GaAs with a 51.5 pm domain
reversal period placed at a Brewster angle, similar to [25]. A 0.7-
mm-thick wedged (1 deg) CaF, plate was used inside the cavity
for (i) compensating and fine tuning the group delay dispersion
and (ii) outcoupling the OPO power. The cavity was purged by
dry air.

First we varied the OPO outcoupling from 0% to 52% by
varying the Fresnel reflection of the CaF, wedge by turning the
wedge away from the Brewster angle toward normal and then
by rotating it in the orthogonal plane (s-plane), and measured
the OPO pump threshold that varied from 7 mW (no outcou-
pling) to 279 mW (52% outcoupling). Because the OPO is
doubly resonant, its pump threshold scales as the cavity loss
squared, which was confirmed by the linear dependence in
Fig. 1(b), where the vertical axis has a square-root scale. The
mid-IR power (sum of two reflections from CaF, surfaces)
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Fig. 1. (a) Schematic of the subharmonic OPO. Mirrors M2 and
M3 are parabolic, with an off-axis angle of 30° and focal distance of
16 mm. PZT, piezoclectric actuator. (b) OPO pump threshold versus
outcoupling. The solid line is a linear fit. Note that the y axis is plotted
on a square-root scale. (c) OPO output power versus outcoupling at
330 mW pump. The solid curve is a trace for the eye.
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versus outcoupling (sum of two surfaces) at the maximum
pump (330 mW) is plotted in Fig. 1(c). At the optimal outcou-
pling of 22% we obtained 73 mW of average output mid-IR
power with a slope efficiency of 40% and TEMy, mode. The
measured pump depletion was 65%, while with no outcoupling
it was as high as 90%. For the rest of the measurements discussed
below, we chose an outcoupling of 5% (with 30 mW of out-
put power).

We applied an active locking of the OPO cavity length using
an electronic servo loop and a piezo actuator [PZT in Fig. 1(a)]
[23,25]. Similar to [27], we observed (although to a lesser
extent because of the much smaller average pump power) ther-
mal self-locking of cavity-length resonances that allowed us to
achieve stable OPO oscillation for up to several minutes. Thus
in some occasions we operated the OPO without any active
control. The OPO output spectra were measured with a
Nicolet 6700 Fourier transform IR (FTIR) spectrometer.

The pump laser repetition rate f,, was stabilized at
115.24 MHz (to about £0.1 Hz), and the CEO frequency
was locked at fcpo pump = 40.48 MHz. Similar to [27], to
assess the CEO frequency of the OPO, we took advantage
of the non-phase-matched sum frequency generation (SFG)
in the GaAs crystal Wspg = @pump + @opo i the range
1150-1450 nm. The SFG signal was separated from the main
OPO output, fiber coupled, and combined, with an appropri-
ate time delay, with the pump-generated SC. The RF beats
were measured using a fast (350 MHz) balanced InGaAs
photodetector and an RF spectrum analyzer, as shown in
Fig. 2. The beat frequency between SFG and SC combs is
given by fre = (nf ey + fcr0pump + fcro,000) = (7f 1yt
Sfceopump) = (n=m) f o, + f cro,0p0> Where n.and m are in-
tegers. Hence fyp is a measure of the OPO CEO frequency.
For a degenerate OPO and scenario A, we expect the beat
at  frr = fceo0p0 = JfcrOpump/2 = 20.24 MHz,  while
for scenario B, we expect the beat at frpoopo =
fcEopump/2 + frep/2 = 77.86 MHz, or rather its “mirror”
image with respect to f ., (115.24 -77.86 = 37.38 MHz),
since we used a low-pass (50 MHz) filter before the spectrum
analyzer.
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Fig. 2. (a) Setup for recording RF beats between the pump SC and
parasitic SFG. BPF, fiber-based bandpass filter; OC, directional optical
coupler. (b) Overview of the SC, SFG, Tm laser, and OPO spectra
(log scale, arb. units). The dashed line shows the portion of the SC

spectrum that was not measured.
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Fig.3. Optical spectra (linear scale, left panel) and RF beats (log scale,
right panel) at different thicknesses of the intracavity CaF,, which was
reduced by ~90 pm from (a) to (g). A dip near 2350 cm™! (4.25 pm)
is due to CO, in the air. The inset shows an RF peak obtained with
high resolution.

First, by adjusting the optical delay [Fig. 2(a)], we obtained
the beats between SC and SFG using fiber-based bandpass fil-
ters (BPFs; 4p = 1220 nm, FWHM 10 nm) in both channels.
Then we removed the BPFs to allow collective heterodyne
beats, characteristic of the whole OPO comb.

Due to the double resonance condition, the OPO oscillates
at discrete values of the cavity length [22,23]. Switching to an
adjacent length peak changes the CEO frequency by f,/2
[26]. In addition, switching to a neighboring peak changes, in
a steplike fashion, the intracavity dispersion and hence the
optical spectrum. For fine tuning dispersion and getting the
broadest frequency comb, we translated the CaF, wedge to
change its thickness around the optimal value of 0.7 mm
and recorded the OPO spectra using an FTIR spectrometer.
The spectra are shown on the left panel of Fig. 3, while the
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Fig. 4. Same as Fig. 3, but for the adjacent cavity-length peak. The
thickness of the CaF, is reduced by ~90 pm from (a) to (g).
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right panel displays corresponding RF spectra. From Figs. 3
(a) to 3(g), the CaF, thickness was gradually reduced by
~90 pm (the free-space cavity length was accordingly adjusted
to be at the same resonant peak). From Figs. 3(a) to 3(c), one
can see that the CEO frequency stays at one-half that of the
pump (20.24 MHz). The width of the RF peak was separately
measured to be 15 Hz (Fig. 3, inset). This is an upper limit set
by the resolution of our spectrum analyzer and is in accord with
the results of [27], where a subhertz relative linewidth (with
respect to the pump) was obtained.

By further varying intracavity dispersion [Figs. 3(f) and 3(g)],
we detected a “phase” transition from a single-comb to a two-
comb state: the optical spectrum manifested a pronounced
two-humped structure, and the RF peak split symmetrically into
two peaks spaced by A f* = 1.75 MHz [Fig. 3(f)] and 6.1 MHz
[Fig. 3(g)]. This corresponds to two spectrally overlapping combs
(signal and idler) with dissimilar CEO frequencies. Additionally,
we detected low-frequency beats at Af [Figs. 3(f) and 3(g)].
These beats were not sensitive to the delay between SC and SFG
and occurred within the OPO spectrum itself. Moreover, when
we directly recorded mid-IR output with a fast mercury cad-
mium telluride detector (VIGO System S.A.), we also observed,
for the case of the scenarios in Figs. 3(f) and 3(g), the appearance
of beats at frequency Af.

When the OPO was switched to an adjacent cavity-length
resonant peak, related to fcpo,0r0 = fcropump/2 + frep/ 25
we observed, as expected, an RF beat at 37.38 MHz. The evo-
lution of the optical spectrum in Fig. 4 is the same as in Fig. 3,
with the exception of a different CEO frequency. Similarly, we
observed at some point the fragmenting into two combs with
fcro split by Af =2 MHz [Fig. 4(f)] and 6.5 MHz
[Fig. 4(g)].

Figure 5 shows the broadest spectrum that we achieved in a
coherent single-comb OPO mode. The instantaneous comb
span reached 2.6-7.5 pm (Av = 2513 cm™, 1.53 octaves)
at a -20 dB level and 3.13-4.75 pm (1090 cm™!, 0.6 octaves)
ata-3 dB level. The dashed curve in Fig. 5 is the residual phase
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Fig. 5. Frequency comb spectrum measured with an FTIR spec-
trometer. The spectral span is 2.6-7.5 pm at the -20 dB level.
The vertical dotted line is the OPO degeneracy (3.86 pm). The dashed
line is an accumulated extra phase per round trip. The top panel shows
the simulated transmission through 2.6 m (cavity round-trip length) of

the purged (5% humidity) air.
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delay per round trip corresponding to this case, calculated from
the contribution of GaAs, CaF,, and mirror M1.

Also shown (top part of Fig. 5) is a simulated transmission
(HITRAN database) through 2.6 m (cavity length) of the
purged (5% humidity) atmosphere. The absorption near 3750
and 1500 cm™ is due to residual water vapor, and near
2350 cm™! it is due to CO, in the air. Better cavity purging
(e.g., using dry nitrogen versus dry air) will eliminate these dips
(especially CO, dip) that influence not only absorption but also
dispersion of the cavity.

In summary, we produced a frequency comb with an instan-
taneous wavelength span of 2.6-7.5 pm, and studied its coher-
ence by observing RF multiheterodyne beats between the SC
originating from the pump and SFG from the OPO. To the
best of our knowledge, it is the broadest (in frequency units)
frequency comb in the mid-IR. The combination of a flat
broadband spectrum, high power, and high coherence in the
spectral region of fundamental molecular vibrations makes
the comb interesting in the rapidly progressing field of trace
gas sensing.
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