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Abstract: We present a widely-tunable, singly-resonant optical para-
metric oscillator, emitting more than 1 W between 2.7 and 4.2 um, which
is phase locked to a self-referenced frequency comb. Both pump and
signal frequencies are directly phase-locked to the frequency comb of a
NIR-emitting fs mode-locked fibre laser, linked, in turn, to the caesium
primary standard. We estimate for the idler frequency afractional Allan de-
viation of ~ 3 x 10-127~%/2 between 1 and 200 s. To test the spectroscopic
performance of the OPO, we carried out saturation spectroscopy of several
transitions belonging to the v1 rovibrational band of CH3l, resolving their
electronic quadrupole hyperfine structure, estimating alinewidth better than
200 kHz FWHM for the idler, and determining the absolute frequency of
the hyperfine components with a 50-kHz-uncertainty.
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1. Introduction

Continuous wave optical parametric oscillators (OPOs) are coherent sources of radiation hav-
ing unique features, for a wide range of different applications. Indeed, singly resonant OPOs
combine high power, single mode emission, tunability, and wide spectral coverage from visible
to mid infrared (MIR). These characteristics make cw OPOs attractive for atomic and molecu-
lar spectroscopy. They are easier to operate with respect to doubly resonant or pump-resonant
OPOs, although they have a higher threshold power, typically in the Watt range.

In the last years, improvements in the efficiency of nonlinear materials and availability of
powerful and narrow-linewidth near-infrared (NIR) lasers have led to different OPO configu-
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rations for high-resolution and accurate spectroscopic applications [1-9], demonstrating sub-
Doppler resolution in the near- and mid-infrared [10-14]. In this region, difference frequency
generation (DFG) sources also showed wide tunability and narrow spectral emission, typi-
cally emitting few milliWatts in single passage or few tens of mW in intracavity configura-
tion [15-17]. Quantum cascade lasers are relentlessly improving their performances, providing
tunability over ~100 cm~1, narrow linewidth, with hundreds-mW-level cw emission at room
temperature, covering the whole MIR range with few gaps, proving to be useful for high res-
olution spectroscopy [19, 20]. With respect to such sources, OPOs have even wider tunability
and more power, with comparable spectral resolution. Moreover, OPOs emitting in the MIR
have been combined with visible and NIR optical frequency comb (OFC) synthesizers, provid-
ing high-precision and absolute frequency determination outside of the specific OFC covered
range [11, 14, 21]. In particular, focusing our discussion on the MIR range, Kovalchuk et al.
demonstrated simultaneous phase-locking of a pump- and signal-resonant OPO to a Ti:sapphire
OFC [21]. More recently, Vainio et al. referenced a singly resonant OPO to a Ti:sapphire fre-
guency comb. In both cases signal frequency was outside of the frequency comb range. So,
they had to use residual non-phase-matched components which are usually generated in the
OPO crystal, to stabilize the pump-signal frequency difference. In one case [14] the authors do
not use the comb teeth which should be available at 1064 nm, but they expressly use a second
nonlinear crystal, generating the second harmonics of the pump which, in turn, beats with the
green part of the comb. Moreover, the beat notes between harmonics and the corresponding
nearest comb teeth were frequency counted and the counter readings used as error signals for
frequency control of pump laser and OPO cavity.

Here we present a singly resonant cw OPO, emitting more than 1 W in the MIR range,
between 2.7 and 4.2 um, which has been directly frequency locked to a near-infrared self-
referenced OFC with an octave-span from 1 to 2 um, without the help of intermediate frequen-
cies, since both pump (1.064 um) and signal (1.4-1.7 um) frequencies are in the range of the
OFC. To test the spectral features of such source we performed sub-Doppler spectroscopy of vq
band rovibrational transitions of methyl iodide (CHgzl) around 3.3 um, resolving their electronic
quadrupol e hyperfine structure and estimating an upper limit of 200 kHz for the idler linewidth
FWHM (hereafter al the reported linewidths are FWHM). Sub-Doppler spectroscopy of this
band was previously performed, in a narrower frequency range, by intracavity spectroscopy
with a CHy-stabilized HeNe laser [22] and, more recently, Okubo et al. observed the hyper-
fine structure of several transitions around 3.4 um, using a DFG source and a cavity-enhanced
sub-Doppler scheme [17].

2. Experimental setup

Our OPO, Fig. 1, is pumped by a narrow-linewidth (40 kHz over 1 ms) cw Y b-doped fibre
laser, emitting at 1064 nm, amplified by a Y b-doped fibre amplifier up to 10 W. The OPO is
typically pumped by the whole emitted power. Laser frequency can be finely tuned over a few
GHz by acting on a piezoel ectric actuator which changes the fibre cavity length. Coarse tuning
can be achieved by changing the temperature of the laser cavity. Few milliWatts from the laser
beam are separately sent to a 50-MHz-resolution wavemeter and to a fibre-coupled electro-
optic phase modulator (EOM) which adds two sidebands at frequency + feom with respect to
thelaser carrier frequency vy,. Inthisway, thelaser can belocked to the frequency comb through
a sideband, while the carrier frequency, which pumps the OPO, can be scanned by changing
the driving frequency feom, thus allowing sweeps across molecular lines (see Sec.s 2.2 and 3).
About 70 mW of laser power (pump beam) is sent to the amplifier through an optical fibre and
acts as pump beam for the OPO. A two-stage optical isolation system is used before and after
the amplifier, to avoid optical feedback.
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2.1. Theoptical parametric oscillator

The OPO cavity is made by four mirrors in a bow-tie configuration, with two curved (100
mm of radius of curvature) and two plane mirrors, Fig. 1(b). The effective length of the cavity
is 695 mm, corresponding to a free spectral range of 430 MHz. All the mirrors have a high
reflective coating for the signal wavelength (R > 99.9%) between 1410 and 1800 nm. Curved
mirrors have high-transmission coating for pump (R < 2%) and idler wavelength (R < 5%).

The crystal is a sample of 5%-MgO-doped congruent lithium niobate, 50-mm-long and 1-
mm-thick, with seven different poling periods ranging from 28.5 to 31.5 um. The crystal end
facets have anti-reflection coating for the pump (R < 3% at 1064 nm) and the signa (R < 1%
in the range 1450-1850 nm) and high transmission coating for the idler (R < 10% in the range
2500-4000 nm). The crystal is enclosed in atemperature-controlled oven, with 0.1°C stahility,
mounted on a mechanical positioner, and placed at the centre between the two curved mirrors,
in correspondence of the smallest cavity waist. The pump radiation is coupled into the cavity
through one of the curved mirrors and focused at the centre of the nonlinear crystal with a
beam waist wy, of 48 um. The beam waist ws for the signal wave variesfrom 53 umat 1.4 um,
to 60 um at 1.8 um, so that pump and signal have approximately the same confocal beam
parameter.

An adjustable 400-um-thick uncoated YAG etalon is placed between the two flat mirrors
for reducing mode-hops of the signal oscillation. A Germanium (Ge) filter is used to separate
the MIR idler beam from visible and NIR components. Signal light leaking through one of
the cavity mirrors is coupled into an optical fibre and made available for signal locking and
frequency measurement.

The OPO cavity is mounted on a dedicated breadboard placed on four rubber chunks, and
covered by a plexiglass enclosure for protection against dust, air currents, and acoustic and
mechanical disturbances.

The OPO has been characterized [18] in the range between 2.7 and 4.2 um, where it emits
typically about 1 W of MIR power with 10 W of pump power. At longer wavelengths the
power tends to decrease, both due to the intrinsic dependence of the nonlinear efficiency on
the wavelength and to the decrease of cavity mirror reflectivity for the signal. The threshold
at 2.9 um has been determined as 3 W. The OPO typically operates without mode-hops for
about 30 minutes. At the moment no effort has been spent to improve these figures. Idler tuning
without mode hops over three GHz is achieved by acting on the laser piezo, mantaining the
OPO cavity stable. Coarser tuning of the OPO can be realized by changing either the laser or
the nonlinear crystal temperature.

2.2. Phase-lock to the optical frequency comb

To obtain stable idler emission with absolutely known frequency, both pump and signal fre-
guencies are locked to a self-referenced OFC synthesizer (Menlo systems, FC1500). Our OFC
synthesizer is based on an amplified mode-locked Er:doped fibre laser, followed by a nonlin-
ear photonic fibre which generates an octave-spanning (between 1-2 um) frequency comb of
250-MHz-spaced modes (corresponding to the laser repetition rate f;). An f — 2f beat unit a-
lows continuous monitoring of the carrier-envelope offset frequency feeo. Thus, the frequency
of each mode N can be written as vy = Nf; + feeo. Repetition rate and offset frequency are
stabilized against a 10 MHz BVA quartz, locked to a Rb-clock, referenced to the Cs primary
standard via global positioning system.

Radiation from the comb is coupled into two optical fibres and combined with few mW of
pump and signal light, respectively (Fig. 1(a)). The beat note fy; (fpz) between pump (signal)
and the nearest comb tooth is detected by a PIN-InGaAs fast photodiode, mixed with a local
oscillator (LO) at frequency f o1 = 12 MHz (f o2 = 12 MHZz) and sent to an electronic servo
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Fig. 1. (@) Simplified scheme of the OPO phase-locking to the optical frequency comb
(OFC). (b) Scheme of the OPO four-mirrors ring cavity and saturation spectroscopy setup.
PPLN: periodically-poled lithium niobate crystal; PZT: piezoelectric actuator; E: YAG
etalon; Ge: germanium filter; BS: 98%-transmission beam splitter; PD: photodiode; PR:
partial reflecting mirror.

which drives the laser (OPO) piezo actuator. Beat notes are band-pass filtered (9-15 MHZz), to
minimize noise contribution from other comb lines, and amplified, getting a S/N ratio better
than 30 dB, measured with 30 kHz of resolution bandwidth. Both servos have a unity gain
bandwidth of ~ 100 Hz, and residual phase power spectral density less than 0.1 radz/ Hz in
the locking range. Frequency counters are used to count fy1, fpp, and f;, while the wavemeter
measures the pump and signal wavelength after locking. Frequency counters and frequency
synthesizers generating fL o1, fLoz and fgom are al referenced to the BVA-defined time base.
Counters' gatetimeisset to 1 s, however, adead time between two successive readingsis added
by the acquisition routine, leading to a sample time of more than two seconds, depending on
the number of the counted signals.

For the pump, we lock one of the laser sidebands, e.g., vp — feom, While the OPO is pumped
at vp. In this way, by changing the EOM frequency feom, the idler frequency can be scanned
over 70 MHz, while mantaining the laser locked to the OFC. Thus, pump and signal frequencies
can be written as vp = feeo + Npfr + fp1 + feom and vs = feeo + Nsfr + fio, respectively [23],
and theidler frequency is given by

Vi =Vp—Vs= (Np—Ns) fr + fo1 — foo + feom - D

We remark that the offset frequency cancels in Eq. (1), and in principle it is not necessary to
stabilize it for absolute determination of the idler frequency.

Np and Ns are determined every time the OPO was locked, by measuring pump and signal
wavelengths by means of the calibrated wavemeter. As a countercheck, we acquired spectra at
different values for the repetition frequency f.

From counter readings we calculated the Allan deviation for fyq, fy2, and (Np —Ns) fr which
contribute to the final stability of the idler frequency. Allan deviations Fig. (2), are well fitted
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Fig. 2. Allan deviation of the three relevant contributions to the idler frequency (see Eq. 1).
The gate time of the frequency countersis1s.

by a oot law with 1-s-stability o, of 80, 90, and 70 Hz for fyy, fho, and (Np — Ns) f;, respec-
tively. Assuming significant correlation amongst the three frequencies, we can conservatively
estimate afinal relative frequency stability for theidler < 3x 10-127-/2, for t between 1 and
200s.

3. Sub-Doppler spectroscopy

For sub-Doppler spectroscopy, the sample contained in a50-cm-long cell, Fig. 1(b), is saturated
by the linearly-polarized, collimated idler beam (0.7-mm waist at the end of the cell). A partial-
reflecting mirror, PR, reflects back a small fraction of radiation, which probes the saturated
absorption and is deviated towards a thermoel ectric-cooled HgCdTe photodetector by a 98%
-transmission beam splitter, BS. The cell is connected to a vacuum pump for gas evacuation
and to a CH3l reservoir for refilling. A 1-Torr-full-scale capacitive pressure gauge monitors
the pressure inside the cell. To increase the sensitivity to small saturation dips, we adopted
1f phase-sensitive detection. For this purpose, a 15 kHz (larger than phase-lock bandwidths)
voltage modulation is added to the laser PZT for frequency modulation and the detector signal
is sent to alock-in amplifier for 1f demodulation.

The pump laser is initially scanned across the molecular line, by applying a voltage ramp
to the laser PZT. Then, the signal is locked to the OFC and the laser frequency is carefully
set near the center of the line and finally the laser sideband is locked, too. After locking pump
and signal frequencies, calibrated frequency scans across spectral lines are made by changing
the EOM-driving RF by discrete steps, pausing at least 3 times the integration time of the
lock-in amplifier, and synchronously acquiring the demodulated absorption signa from the
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Fig. 3. Sub-Doppler-resolved hyperfine structure of the v4 P(18,3) ro-vibrational transition
of CHsl, at 30 mTorr pressure and with 630 mW of saturating power. Experimental data
(open squares) have been fitted by alinear background and six Lorentian derivatives, with
equal widths and amplitudes (solid line).

lock-in together with counters' records. Frequency scans are made both forward and backward
across the lines, and data from both scans are averaged to compensate for artificial distortion
introduced by lock-in integration.

Eachrovibrational level, identified by the two rotational quantum numbersJ and K, issplitted
by electric quadrupole interaction of the iodine nucleus (nuclear spin, | = 5/2) into hyperfine
sublevels, identified by total angular moment F =J+1, withF = |J—1|,...,J+1 [24]. These
hyperfine sublevels give rise to transitions satisfying the selection rule AF = AJ.

As an example, Fig. 3 shows a 1f signal of the resolved hyperfine structure of the sat-
urated v1 P(18,3) rovibrational transition at the pressure of 30 mTorr and with 630 mW of
saturating power. Line assignment is based on molecular constants determined by FTIR anal-
ysis [25]. No accurate data are present in the literature about the line intensity for this region.
We roughly estimate for line P(18,3) an intensity of ~ 4.3 x 10~21 cm/mol. The profile has
been fitted by alinear background and six Lorentian profile derivatives with equal widths and
amplitudes. From the fit we retrieve a value of 1640+ 60 kHz for the Lorentian full-width
and the absolute frequencies of the hyperfine components. The centroid of the multiplet is
88791204.19+ 0.05 MHz. The reported uncertainty is the standard deviation of the fit results
from different data sets and it could represents only a part of the overall uncertainty on the
frequency estimate. We did not take into account systematic effects (AC Stark shift, pressure
shift, etc.), which could contribute to the final uncertainty budget.

In Table 1 we resume the measured position of the six components with respect to the
centroid and the corresponding theoretical values calculated on the basis of the recently re-
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Table 1. Measured absolute frequencies of the six hyperfine components of v, P(18,3) rovi-
brational transition, given as relative position with respect to the centroid frequency of the
multiplet, 88791204.19+ 0.05 MHz. Errors on the last significative digits (in parentheses)
are the standard deviations of the fit results from different data sets. Theoretical values are
reported for comparison.

F” —F' Measured (MHz) Calculated (MHZz)

% — % —1.03 (6) -1.13
2,8 1.95 (5) 1.95
% — % 2.39(3) 2.33
272 0.88 (6) 0.93
D3 _1.26(6) —1.20
% — % —2.92(3) —2.88

fined quadrupole coupling constants [17]. The centroid value is compatible with the value of
88791230+ 120 MHz calculated on the basis of Ref. [25]. The relative positions of the six
components are in good agreement with the calculated ones.

We estimate a collisional linewidth of ~ 640 kHz at 30 mTorr [26] and atransit-time contri-
bution of 100 kHz for a Gaussian beam waist of 0.7 mm. Also, we acquired different profiles of
the same hyperfine multiplet by separately changing saturating power and modulation depth, to
estimate their contributions to the final linewidth. We got 260 kHz for the modulation broaden-
ing and 440 kHz due to power broadening for 630 mW of saturating power. In the end, we can
estimate an upper limit of 200 kHz for the idler linewidth. The main contribution to the fina
linewidth is due to the signal frequency fluctuations, induced by residual mechanical noise (up
to ~ 2 kHz) of the OPO cavity outside of the servo bandwidth. A comparison with other OPOs
is not straightforward, as linewidths have been inferred by different methods and on different
time scales, depending on the particular application, resulting in values in the 10-100 KHz
range on relatively short time scales (10-500 us) [6, 10, 27, 28]. In an application similar to
ours [17], DFG source contribution to the spectral resolution of the hyperfine transitions is less
than 200 KHz.

4. Conclusions

We have reported on a singly resonant OPO, pumped at 1064 nm and emitting more than 1 W
between 2.7 and 4.2 um, which has been referenced to afrequency comb in the NIR, linked to
the caesium frequency standard. Relative frequency stability of ~ 3 x 10-127Y/2 for T between
1 and 200 s has been estimated for the idler. As a spectroscopic test, we observed sub-Doppler
profiles of several CH3l rovibrational transitions, resolving their hyperfine structure and deter-
mining the absolute frequencies of the multiplet components with an uncertainty of 50 kHz.
We also estimate an upper limit of 200 kHz for the source linewidth. However, a detailed inves-
tigation of the different contributions to the final linewidth is needed, even though preliminary
measurementsindicate that an improvement of the locking bandwidths can appreciably improve
the OPO spectral characteristics. The combination of high power, narrow linewidth, and precise
and absolute frequency control over awide range of tunability makes this source avaluable and
versatile tool for high-resolution spectroscopy in a spectral region of growing interest for many
applications and accurate tests of fundamental theoretical models[29].
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