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Abstract: Spectroscopy of molecules in the mid-infrared (MIR) region has important ap-
plications in various fields, such as astronomical observation, environmental detection, and
fundamental physics. However, compared to that in the near-infrared, precision spectroscopy
in the MIR is often limited by the light source and has not shown full potential in sensitivity.
Here we report a cavity ring-down spectroscopy system using a tunable narrow-linewidth optical
parametric oscillator, which fulfills the requirement of high sensitivity and high precision in
the MIR region. The Lamb-dip spectrum of the N,O molecule at 2.7 yum was measured as a
demonstration of spectroscopy in the MIR with kilohertz accuracy.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Precision spectroscopy of molecules, which is a means of investigating subtle effects, plays an
important role in modern physics and chemistry [1,2]. For instance, great efforts are devoted
to searching the parity violation [3], detecting the electric dipole moment of the electron [4],
testing quantum electrodynamics [5], and verifying the stability of fundamental constants [6].
Over the last few decades, molecular spectroscopy has been boosted in terms of precision and
sensitivity. The application of optical frequency comb (OFC) [7] and ultra-stable lasers [8]
allows scanning the laser frequency with unprecedented precision. Cavity-enhanced methods,
such as cavity ring-down spectroscopy (CRDS) [9] and noise-immune cavity-enhanced optical
heterodyne molecular spectroscopy (NICE-OHMS) [10], improve the sensitivity by several orders
of magnitude, compared with conventional absorption spectroscopy based on multi-pass cells.
They have been broadly used in precision spectroscopy and trace detection [11-13].

Fundamental bands of molecules, mostly in the MIR region (400-4000 cm™1), are considered
more favorable for precision measurements than overtone bands since they are usually stronger
by 1-2 orders of magnitude or even more than the overtones. Moreover, the state density in
the MIR region for a polyatomic molecule is significantly lower than that in the near-infrared
(NIR). Therefore, the difficulties of assigning and modeling the transitions are reduced. However,
laser sources and frequency metrology in MIR are not as convenient as that in NIR. Although
precision spectroscopy in MIR has been demonstrated with narrow-linewidth gas lasers [14,15]
and quantum cascade lasers (QCLs) [16,17], applications are still limited by relatively narrow
tuning range and insufficient sensitivity. Compared to OFCs widely applied in NIR studies, OFC
in MIR is still relatively more expensive and inconvenient, which hinders accurate frequency
calibration in MIR.

Laser sources based on optical parametric oscillator (OPO) are favorable for precision
spectroscopy in the MIR [18-23] since they usually have a broad tuning range of a few thousand
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wavenumbers and high output power at the watt level. The frequency calibration of the MIR
light (idler) emitted from the OPO source can be implemented by measuring the signal and pump
lights with a NIR frequency comb [24]. However, the relatively large linewidth of the OPO
sources, typically at the MHz level [20], prevents measurements with higher precision.

Here we report precision spectroscopy based on a broadly tunable narrow-linewidth OPO laser
source. A linewidth at the kHz level is achieved by locking both frequencies of the signal and
pump lights. A sensitivity (noise equivalent absorption coefficient) of 5.1 x 10710 cm~! Hz~1/2
is obtained by using the cavity ring-down spectroscopy method. As a demonstration, Lamb-dips
of two transitions of N»O at 2.7 um were measured, and the line centers were determined with
kHz accuracy.

2. Experimental setup

The optical layout of the OPO-based MIR-CRDS system is shown in Fig. 1. It mainly includes
a singly resonant cw-OPO source generating the MIR laser and a sample cell used for cavity
ring-down spectroscopy. The OPO laser source has a bow-tie ring cavity, and a 5-cm-long
multi-channel MgO:PPLN crystal is placed inside the cavity. The OPO cavity mirrors are highly
reflective (>99.9%) at the wavelength range from 1.4 to 1.8 um and transparent at the pump and
idler wavelengths. The PPLN crystal is mounted in a copper holder, which is thermal controlled
at a preset temperature in the range from 40 to 160 °C with a precision of 0.002 °C, meeting
the phase-matching condition. The pump beam from a 1064 nm narrow-linewidth fiber laser is
amplified to at most 10 W, then focused on the PPLN crystal in the OPO ring cavity. When the
phase-matching condition is fulfilled, the output MIR idler light output power reaches several
hundred milliwatts.
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Fig. 1. Scheme of the experimental setup. The green, red and yellow lines indicate pump
light, signal light, and idler light, respectively. Abbreviations:PD: photodiode detector;
FG: function generator; ULE: ultra-low expansion; PDH: Pound-Drever-Hall; EO Crystal:
electro-optical crystal; PZT: piezo actuator; AOM: acoustic-optical modulator; IO: optical
isolator; DAQ: data acquisition system; MCT: mercury cadmium telluride detector.
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The frequency stabilization of the MIR light is achieved by locking both frequencies of the
signal and pump lasers. The pump laser has a manufacturer-specified linewidth of 20 kHz, and
its long-term drift is eliminated by locking it to the frequency comb through a beat-lock servo
referenced to a function generator (FG1 in Fig. 1). Since the 1064 nm narrow-linewidth pump
laser has been well commercialized, the key to control the frequency of the MIR idler light is to
lock the frequency of the signal light. The frequency noise of the signal light comes not only
from the frequency jitter of the pump laser but also from the mechanical vibration and acoustic
noise of the OPO ring cavity. We locked the signal light to an external reference cavity by the
PDH method [25]. The reference cavity (FSR = 1.5 GHz, Finesse = 3000 at 1.4 - 1.8 um) is
made of ultra-low expansion (ULE) glass, and the temperature fluctuation is controlled to be
less than 0.2 mK. The PDH feedback control signal is divided into two parts: the fast one and
the slow one. The fast signal is applied to a home-made electro-optic crystal (EO Crystal in
Fig. 1) placed in the OPO cavity. The crystal (15 mm long along the optical axis) is made of
LiNbO3 doped with 3% MgO. The upper and bottom sides of the crystal, parallel to the light
plane, have been coated by gold to apply a uniform electric field, while the front and rear surfaces
have anti-reflection (R<0.2%) coatings. The EO crystal is placed in a temperature-stabilized
(AT <1 mK) copper housing. The crystal has been carefully installed to avoid stress, which may
result in an uncontrollable change in the refractive index. The fast feedback signal from the
PDH servo is amplified by a high-voltage amplifier (WMA-300, Falco systems) and then applied
on the two gold-coated surfaces of the crystal. The electrical field will modify the refractive
index of the crystal, compensating the phase change in the signal light. Currently, the feedback
bandwidth reaches 5 MHz, limited by the high-voltage amplifier. The slow signal is applied to
a piezoelectric actuator attached to the back of one of the OPO cavity mirrors, changing the
signal light frequency by directly adjusting the length of the cavity. In this way, the signal light
frequency is stabilized and can be calibrated by monitoring its beat note with the frequency comb.

Fine tuning of the MIR light is implemented by changing the beat-lock reference frequency
(FGI in Fig. 1) of the pump light. Coarse tuning of the MIR light across a large wavelength range
is achieved by selecting a polling period and an appropriate temperature of the PPLN crystal
to fulfill the quasi-phase-matching conditions. In this setup, the tuning range of the idler light
covers the range of 2.6 - 4.5 um, corresponding to a signal light wavelength in the range of 1.8
- 1.4 pm, and the signal light can be locked to different longitudinal modes of the ULE cavity.
When both the signal and pump laser frequencies are locked, the MIR idler frequency (f,;,) is
determined as,

fmir =ﬁ7 _fs _fAOM = (Np _Ns)fr +fb,p _fb,s _fAOM’ (1

where f,, and f; are the frequencies of the pump light and the signal light, respectively, faou is the
AOM frequency shift, Ny and N,, are the comb tooth indices for the pump light and the signal
light, respectively, f, is the comb repetition frequency, f;, , and fj, ; are the beat frequencies of the
pump light and the signal light with the comb, respectively. Compared to our previous approach
using an external laser as the seeding for the signal light [19], the present method is considerably
simpler, allowing us to cover a broad range over 1000 cm™! with a single set of optics. The
linewidth of the OPO emission is also limited by the mode width of the ULE cavity, which could
easily reach the kHz level or less.

The output MIR idler light is collimated and sent to an acoustic-optic modulator (AOM),
which serves as a beam chopper for the ring-down measurement. The first-order beam after
the AOM is coupled into the ring-down cavity. The ring-down cavity consists of two low-loss
and high-reflectivity (HR) concave mirrors (R>99.99% at 2.5 - 2.7 um, Layertec GmbH Inc.).
The distance between two mirrors is 65 cm, leading to a free spectral range (FSR) of about 230
MHz. The linewidth of a cavity mode has been measured to be 8 kHz. As shown in Fig. 1,
one of the HR mirrors is mounted on a piezo actuator (PZT). The PZT is driven with a 150 Hz
triangle wave from a function generator (FG2 in Fig. 1). In this way, a longitudinal mode of
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the cavity periodically matches with the frequency of the idler light. A fast TEC-cooled MCT
photodetector (PVI-4TE, Vigo system) is used to detect the MIR light transmitted from the cavity.
When the signal reaches a preset threshold, the AOM is triggered to cut off the laser and initiates
aring-down event. The ring-down signal is recorded by a data acquisition system, and a fitting
program is applied to fit the exponential decay curve yielding the decay time 7. The absorption
coefficient could be derived from the following equation:

1.1 1
a=—-(=-—), @)
cC T T0

where c is the speed of light, and 7y is the decay time of the cavity without sample. Similar cavity
ring-down methods at other wavelengths can be found in Ref. [26]. In this experiment, the optic
switch has a typical cut-off time of 300 ns, and the decay time of the empty cavity is about 20 us.

3. Results and discussion

To determine the linewidth of the signal light, we measured the transfer beat [27] between the
signal light and an independent stabilized narrow-linewidth laser at 1.57 ym. The method allows
us to cancel the noise of the frequency comb and obtain a direct beat signal between two lasers.
A spectrum of the transfer beat signal recorded in an averaging time of 1 s (256 scans) is shown
in Fig. 2(a), where a FWHM linewidth of 22 kHz is determined by fitting with a Lorentzian
function. The narrow-linewidth 1.57 um reference laser has a Hz-level linewidth, negligible in
the transfer beat linewidth. Therefore the 22-kHz linewidth indicates the linewidth of the signal
light. As a conservative estimation, the linewidth of the idler laser is less than 30 kHz, which is
sufficient for precision spectroscopy measurements of molecules in the MIR region.
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Fig. 2. (a) The spectrum of the transfer beat signal between the OPO signal light at 1.76 um
and an independent narrow-linewidth laser at 1.57 um through an optical frequency comb.
(b) Beat frequency between the OPO signal and the frequency comb. (c) A spectrum of the
empty ring-down cavity (average of 20 scans obtained in 30 minutes).

As shown in Fig. 2(b), the beat frequency between the signal laser and the frequency comb
has been monitored, indicating a long-term frequency drift of the signal laser is less than 1 Hz/s
(from linear fitting). The frequency drift comes from the temperature instability and aging of the
ULE cavity, which can be monitored and corrected during the spectroscopy acquisition.
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To test the sensitivity of the CRDS system, we scanned the laser frequency and recorded the
decay time of the empty cavity. A spectrum averaged from 20 scans obtained in 30 minutes
is shown in Fig. 2(c), indicating an equivalent minimum detectable absorption coefficient of
6x 10" ecm™!,

As a demonstration, saturated absorption spectra of '“N,°0 lines at 2.67 um were recorded.
The measured Lamb dips of R(1)e and P(3)e lines in the 22°0-00°0 band at 3749.912 cm™" and
3745.722 cm™! are shown in Figs. 3(a) and (b), respectively. For each line, measurements were
taken at four pressures between 0.1 Pa and 0.8 Pa. The spectra were fitted with the Lorentzian
profile, and the simulated spectra are shown as solid lines in Fig. 3. Line centers obtained under
different pressures are given in Figs. 3(c) and (d). For the R(1)e spectrum at 0.66 Pa, under our
experimental conditions, the transit-time broadening is about 270 kHz, the pressure broadening
is about 24 kHz [28], and the saturation parameter is about 0.4, leading to a total linewidth (full
width at half maximum, FWHM) of 394 kHz. Note that the '#N,'%0 molecule has a hyperfine
structure of a few hundred kilohertz [29-31]. The hyperfine splitting is not resolved here but
further broadens the line. We simply used the profile with a single Lorentzian peak to fit the
spectrum and obtained a linewidth of about 566 kHz.
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Fig. 3. (a) and (b): Lamb-dip spectra of the R(1)e and the P(3)e transitions in the 22°0-00°0
band of %N, 1°0, respectively. Experimental data are shown in scattering dots, and simulated
spectra are given in solid lines. (c) and (d): Positions of R(1)e and P(3)e determined from
spectra recorded with different sample pressures. The uncertainty due to hyperfine structure
and asymmetry in the line profiles was not included in the error bars. Red lines indicate the
weighted averages.

The uncertainty budget for the position of the R(1)e in the 22°0-00°0 band of '*N, !0 is given
in Table 1. The statistical uncertainty of the line position derived from spectral fitting is about
1 kHz. The frequency comb, which used to calibrate the frequencies of the signal and pump
lasers of the OPO system, contributes an uncertainty of 0.66 kHz. The locking servo of the pump
laser and the radio-frequency source applied on the AOM each contributes an uncertainty of 0.1
kHz due to environmental temperature drifts. For the 1N, !0 molecule at room temperature,
the second-order Doppler shift is —104 Hz, and the related uncertainty is less than 10 Hz. No
obvious pressure induced shift was observed, and we simply use the weighted average of the
positions obtained from spectra recorded at different pressures. We also applied a linear fit of the
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positions at different pressures and obtained the position at the zero-pressure limit. There is a 4
kHz difference between the two values, which is used as uncertainty for possible pressure induced
shift. Note that the '*N,'°0 molecule has a hyperfine structure. According to the hyperfine
splittings and relative intensities of the / = 1 — 2 transition given by Tetenbaum [31], we
estimate a 4 kHz shift between the transition center of gravity and the position obtained by fitting
with a Lorentzian function. We also include an uncertainty of 10 kHz due to the asymmetry in
the observed line profile, which may mainly come from the hyperfine structure. Considering all
the corrections and uncertainties given above, we determined the center of the R(1)e line to be
112 419 525 619(11) kHz. Similarly, the center of the P(3)e line is determined to be 112 293 910
030(14) kHz.

Table 1. Uncertainty budget for the position of R(1)e in the 22°0-00°0 band of '*N5 0 (unit: kHz).

Source Frequency Uncertainty

Type A Type B
Statistical 112419 525 615 1.0
Comb frequency 0.66
Pump locking servo 0.1
AOM frequency 0.1
Pressure shift 4
2nd-order Doppler +0.10 0.01
Hyperfine & asymmetry +4 10
Total 112419 525 619 11

The R(1)e and P(3)e positions agree with those reported by Toth [32] within two standard
deviations, which are 112 419 523(2) MHz and 112 293 907(2) MHz, respectively, and the
accuracy has been improved by more than two orders of magnitude. The ground state energy
difference between the J = 1 and J = 3 rotational energy levels is derived from the difference
between the R(1)e and P(3)e positions given above, which is 125 615 585(14) kHz. This value
agrees with results from microwave spectroscopy [33,34], which are 125 615 609(21) kHz and
125 615 594(16) kHz, respectively. Note that the shift due to hyperfine splittings canceled mostly
in the combination difference. Here we did not take into account the uncertainties due to hyperfine
splitting and line profile asymmetry, which are also excluded in microwave spectroscopy studies.

4. Summary

In conclusion, we developed a MIR cavity ring-down spectrometer using a comb-locked OPO
laser source. The MIR emission from the OPO source covers a wavelength range of 2.6 - 4.5
um with a linewidth less than 30 kHz. The long-term frequency drift was measured to be at the
level of 1 Hz/s. As a demonstration, saturated absorption spectra of two *N,°0 lines at 2.7 um
were measured, and the line centers were determined with an accuracy of ten kilohertz, mainly
limited by the unresolved hyperfine structure. With the large tuning range and high output power,
the OPO source is well suitable for precision measurements of a variety of molecules in the
mid-infrared, such as the fundamental vibration of the hydrogen molecule, which could be helpful
for investigating the abnormal Lamb-dip profile of the HD transition [35,36]. The sensitivity
could be further improved by applying the cavity-locked cavity ring-down spectroscopy method
[37-39], which will allow for the optical detection of radiocarbon dioxide [40,41].
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