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Precision measurements on molecules in the strong

fundamental bands are of great importance. An ac-

curate mid-infrared light source is a key for these

studies. By locking the signal and pump light to an

optical frequency comb, a high-precision continu-

ous-wave optical parametric oscillator source is

built, and the mid-infrared frequency drift is deter-

mined to be less than 1 kHz. As a demonstration,

saturated absorption spectroscopy of the R(14)
(00011)—(00001) line of ¥ COg is measured, and the
transition frequency is determined to be 68786813496(29) kHz. The frequency-stabilized mid-
infrared laser source provides an opportunity for precision measurements of molecules in fun-

damental bands.
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I. INTRODUCTION

With the development of laser techniques, spectro-
scopic methods have been employed in precision mea-
surements to test fundamental physics and search for
new physics [1, 2]. The development of high-precision
spectroscopy methods makes it possible for an accurate
read-out of the transition frequency as the good exam-
ples in optical clocks [3, 4], leading to notable achieve-
ments in the application in atomic systems [5-8]. Preci-
sion measurements in molecular systems in the last two
decades have been used to test quantum electrodynam-

ics (QED) theory and determine fundamental con-
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stants [9-11], probe the variation of the constant values
[12-14], study the intramolecular parity-violation ef-
fects [15], and search for the possible existence of new
physics beyond the standard model [16, 17].

Novel high-resolution and highly-sensitive spec-
troscopy techniques have been employed in the preci-
sion measurements on molecules for the studies of fun-
damental physics [2, 9, 18, 19], as well as the rapid and
accurate analysis of trace gases [20-22]. Fundamental
vibrational bands of molecules, usually one or two or-
ders of magnitude stronger than the overtone bands, are
considered more likely to achieve high precision. Be-
cause the fundamental vibrational bands are in the mid-
infrared (MIR) wavelength region, high-sensitivity MIR
spectroscopy methods enable a better analysis of
molecules in various processes involving the fields of
physics, chemistry, atmosphere, and bioscience. The de-
velopment in sensitivity of MIR spectroscopy can be
combined with other techniques, such as supersonic
molecular beam and velocity map imaging, which are
possibly useful for precision measurements and chemi-
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cal dynamics research.

Although there are application requirements, com-
pared with advanced visible and near-infrared (NIR)
laser spectroscopy systems, MIR precision spectroscopy
has some inconveniences regarding the laser source and
frequency calibration. Numerous MIR laser sources
have been reported in the past few decades. The gas
lasers have high output power and narrow linewidth,
leading to a broad application in precision spectroscopy
measurements [23, 24]. However, limited by the species
of the gain medium, the gas laser only works around a
few wavelengths. The development of quantum well en-
gineering technology makes the commercial quantum
cascade lasers (QCLs) [25, 26] the most widely used
laser source in the MIR. But the laser linewidth is usu-
ally in the 2-10 MHz range, and the frequency calibra-
tion needs MIR frequency reference such as MIR combs
[27] that are not yet refined, or up-conversion to an ac-
cessible wavelength region, which may introduce com-
plexity. Utilizing the nonlinear effect is an alternative
way to generate MIR laser emission. Based on the ad-
vanced periodically poled lithium niobate (PPLN) crys-
tal the differential frequency generation [28, 29] and
high-efficiency continuous-wave optical parametric os-
cillator (OPO) [30-32] are the widespread techniques,
which have broad tuning range and can be calibrated by
NIR frequency references. Even so, achieving sufficient
laser power and accurate frequency remains a big chal-
lenge.

In this work, we report an accurate OPO system
with the MIR frequency stabilized by a NIR comb. As a
demonstration, the sub-Doppler saturated absorption
spectroscopy of the rovibrational transition of 3CO9 at
4.3 pm is recorded, and the transition frequency is de-
termined with high precision.

1. METHOD

The experimental scheme is illustrated in FIG. 1.
The setup comprises two main components: a frequency-
stabilized MIR laser source and a saturated absorption
spectrometer. The frequency-stabilized MIR laser
source is based on a home-made OPO and frequency
locking system. The OPO is pumped by a 1064 nm nar-
row-linewidth Nd:YAG laser with a maximum output
power of 15 W. The pump laser delivers the laser beam
to a PPLN crystal, which is designed to be a multi-
channel type 5% MgO doped PPLN crystal with an ef-
fective length of 5 cm. The NIR signal light is generat-
ed through the non-linear effect of the PPLN, and the
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FIG. 1 Schematic of the spectroscopy setup. The orange,
green, and red lines represent the pump, signal, and idler
light beams of the OPO light source, respectively. Abbre-
viations: YAG: Nd:YAG laser; PPLN: periodically poled
lithium niobate; EO: electro-optical crystal; AOM: acousto-
optical modulator; PD: photodiode detector; OFC: Opti-
cal frequency comb; PZT: piezoelectric actuator; DM:
dichroic mirror; PBS: polarized beamsplitter; A/2: half
waveplate.

power is enhanced by a bow-tie ring cavity. The mid-in-
frared idler light is then generated when the pump laser
power reaches the lasing threshold. The idler light out-
put has a power of up to hundreds of milliwatts at
around 4.3 pm after good phase matching. The PPLN
crystal is installed in the oven inside the ring cavity, al-
lowing precise temperature control ranging from 300 K
to 450 K with the stability of 2x1073 K, as well as pre-
cise position control with a position resolution of 10 pm.
The ring cavity consists of four highly reflective mirrors
with a reflectivity of approximately 99.9% for the sig-
nal light and less than 0.5% for both pump and idler
lights. Because the frequency of the idler light is equal
to the frequency difference between the pump and sig-
nal light due to the law of energy conservation, the MIR
idler light frequency can be stabilized if both the pump
and signal light frequencies are well-locked.

Using a beat-lock servo [33] we are able to lock the
pump and signal light to the NIR optical frequency
comb (OFC). Meanwhile, the absolute frequency of the
MIR laser is known by monitoring the pump and signal
light frequencies at the same time by the OFC. The
pump light, the linewidth of which is guaranteed by the
company to be less than 5 kHz in 10 ms integration
time, has to be locked to the OFC to reduce the long-
term frequency drift. A home-made beat-lock circuit is
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used to transfer the beat signal between the pump light
and the OFC mode to an error signal, and slow feed-
back with a bandwidth of 10 Hz is sent to the piezoelec-
tric actuator (PZT) to tune the pump light frequency.
The short-term frequency fluctuation of the signal light
comes from the pump light linewidth and the addition-
al vibrational noise of the ring cavity, and the long-term
frequency drift is due to the optical path drift of the
ring cavity. To lock the signal light frequency, an elec-
tro-optic (EO) crystal is placed inside the ring cavity.
The refractive index of the crystal is controlled by a
feedback servo by applying an external electric field,
and the fast frequency fluctuation of the signal light can
be compensated. A PZT is attached to one of the cavity
mirrors to compensate for the slow optical length
changes [34]. The error signal is generated from the beat
signal between the signal light and the OFC mode, and
the fast and slow feedbacks with corresponding band-
widths of 3 MHz and 10 Hz, limited by the feedback
loop, are applied to the EO and PZT, respectively.
When both the pump and signal lights are locked, the
frequency of the idler light is stabilized. With the
method mentioned above, the short-term stability is as
good as the pump light, and the long-term stability is as
good as the OFC mode.

The MIR idler light is then split into two beams,
serving as the pump laser and probe laser in the satu-
rated absorption spectroscopy scheme, as shown in
FIG. 1. The pump laser beam is frequency shifted by
+80 MHz using an acousto-optic modulator (AOM).
Consequently, the center of the Lamb-dip signal is blue-
detuned by 40 MHz relative to the transition center fre-
quency.

Fine tuning of the MIR light can be accomplished by
adjusting the beat-lock reference frequency of either the
pump or the signal light. This tuning method main-
tains kilohertz or even better accuracy at each frequen-
cy point and has a tuning range of about 100 MHz,
which is limited by the beating electronics and the repe-
tition frequency of the OFC. Coarse tuning of the MIR
light is achieved by changing the PPLN temperature
from 300 K to 450 K, which allows for a tuning range of
more than 80 cm™ ! with a PPLN period of 27.6667 pm.

lll. RESULTS AND DISCUSSION

The frequency of the MIR laser output is deter-
mined by measuring the frequencies of the pump and

DOI: 10.1063/1674-0068/cjcp2312137

Mid-infrared Laser Source for Precision Spectroscopy 149

Time (s)
0 500 1000 1500 2000

Relative Beat Frequency (kHz)

10" |

107 F

102 ¢

Allan Deviation (kHz)

10-3 -

100

—

1
Average Time (s)

FIG. 2 Frequency drift of the frequency-stabilized laser.
(a) Beat frequency between the pump (signal) laser of
OPO and the comb. Purple and red color represent the
pump and signal lasers, respectively. The black data points
represent the difference between the pump and signal
laser, indicating the frequency of the idler laser. Data are
shifted for better illustration. (b) Allan deviation of the
pump, signal, and idler light frequencies given in (a). The
frequency fluctuation of the idler light is dominated by
that of the signal light, therefore their Allan deviation
curves are overlapped.

signal lights of the OPO source. To evaluate the fre-
quency accuracy, we first monitored the beat frequency
between the pump (probe) laser and the NIR OFC
mode. The carrier-envelope offset frequency and the
repetition frequency of the comb are phase-locked to a
hydrogen maser with a fractional frequency uncertain-
ty better than 1x10713, Thus, the absolute frequency of
each comb mode is as accurate as 13 digits, resulting in
an excellent frequency reference for laser frequency
locking and monitoring. The frequency monitoring re-
sults are shown in FIG. 2(a), and the Allan deviations
are shown in FIG. 2(b). Note that the MIR laser fre-
quency, derived by the difference between the mea-
sured frequencies of the pump and signal lights, fluctu-
ates at about 0.1 kHz after an average time of 300 s.
The result agrees well with our previous study [34]. The
measured frequency drift under 10 s averaging time is
less than 1 kHz, and the frequency uncertainty of the
laser is better than 0.6 kHz during a spectroscopy scan
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FIG. 3 The saturated absorption spectroscopy measurements of the R(14) (00011)-(00001) transition of *COs. (a) An ex-
ample of the saturated absorption spectrum. (b) Fitting residuals with Lorentzian (red) and Voigt (blue) line profile model.
(¢) Measurements under different sample pressures. The dashed line is the averaged transition frequency, and the red shad-

ow shows the 1o confidence band.

time of 40 s.

In order to demonstrate the accuracy of the MIR
laser source, the saturated absorption of R(14)
(00011)—(00001) transition of 3COg is measured. The
spectroscopy scan is accomplished by actively tuning
the beat frequency between the signal lights of the OPO
and the OFC while keeping the pump light locking at a
The lamb dip,
FIG. 3(a), appears while scanning the laser where the

single frequency point. shown in
spectroscopic background comes from the Doppler-lim-
ited absorption that we used for sample pressure cali-
bration. The spectrum can be well-fitted with the Voigt
profile, and the fitting residuals are shown in FIG. 3(b).
The spectroscopic resolution or linewidth is 1.3 MHz,
which is dominated by the transit-time broadening and
the power broadening under the low sample pressure
condition. The spectra were acquired at sample pres-
sures ranging from 0.08 Pa to 0.2 Pa, and the center fre-
quencies are shown in FIG. 3(c). Each datum in the fig-
ure represents the spectrum with an average of 100
scans, and the statistical uncertainty of the spectral
center is less than 5kHz. The excellent agreement
among the data points indicates that there is no signifi-
cant pressure-induced transition frequency shift within
the uncertainty at such a low sample pressure, in good
agreement with our previous study [33] in the CO
molecule. The horizontal dashed line depicted in
FIG. 3(c) represents the weighted mean value of line
positions, and the red shadow indicates the 1o confi-
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dence band corresponding to the statistical uncertainty
of 1.2 kHz.

Other contributions of the frequency uncertainty
have been investigated. An uncertainty of less than
2 kHz is included due to the fitting model of the line
profile, which is derived by comparing the fitted center
frequency results with different line profile models. The
laser frequency is determined by the comb mode fre-
quency, the locking point monitored by the beat fre-
quency between the pump/signal light and the comb,
and the radio frequencies applied on AOM. The comb
mode frequency uncertainty relies on the hydrogen
maser and can be calculated to be less than 10 Hz for
the MIR frequency. During the measurement, the beat
frequency is monitored by a high-accurate frequency
counter, which shows a frequency fluctuation below
1 kHz, as illustrated in FIG. 2(b). The radio frequency
employed on the AOM, faon, exhibits a fluctuation of
less than 50 Hz, mainly due to the variation of the room
temperature. Assuming the most probable speed of
330 m/s for the 13004 molecule at 296 K, the frequency
shift from the second-order Doppler effect is calculated
to be 0.1 kHz with an uncertainty of about 40 Hz. In the
experiment, the total laser power is 0.2 mW, and the
AC-Stark shift is negligible for this transition. The po-
tential misalignment angle between the pump and
probe beams leads to a frequency uncertainty [35, 36].
In our experiment, the upper limit of the misalignment
is estimated to be 0.78 mrad from the geometric config-
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TABLE I Uncertainty budget of R(14) (00011)-(00001)
transition of *COa.

Effect Correction/kHz 1o /kHz
Statistic 1.2
Line profile asymmetry <2
Comb mode frequency <0.01
Laser locking <1
AOM frequency 0.05
2nd order Doppler 0.1 0.04
Misalignment 29

Note: the total transition frequency R(14) (00011)—(00001)
of COg is 68786813496+29 kHz, while the reported value
in Ref.[43] is 6878681342687 kHz.

uration of the setup, and the resulting frequency uncer-
tainty is 29 kHz. Note that the misalignment can be
minimized by plenty of techniques, including the prism
reflection method [37, 38], the cat’s eye method [39], the
interferometric method [40] and the active fiber-based
retroreflector (AFR) method [41, 42].

The transition frequency uncertainty budget is pre-
sented in Table I. The transition frequency for line
R(14) (00011)—(00001) is determined to be
68786813496 kHz, with an overall uncertainty of
29 kHz. The measured transition frequency agrees with
the value of 68786813426+87 kHz [43], but the accuracy
has been improved by a factor of three. The method of
saturated absorption measurement can be applied to
various molecules. For some molecules, such as CHy,
the spectrum is spread over a range of hundreds of
wavenumbers. We are developing a method to automat-
ically scan the laser frequency and record the saturated
absorption spectrum.

IV. CONCLUSION

We developed a narrow-linewidth continuous-wave
MIR light source based on a laser-locked optical para-
metric oscillator. Both the OPO pump and signal lights
were locked on the NIR OFC. The frequency accuracy
of the MIR output (idler light) emitted from the system
was checked by measuring the frequency stability of
both the OPO pump and signal light simultaneously.
The long-term frequency drift was determined to be less
than 1 kHz. The frequency stabilized OPO system was
applied to measure the saturated absorption spec-
troscopy of R(14) (00011)—(00001) in *COq at 4.3 pm.
Doppler-free Lamb-dip signal was observed, and the
transition frequency was determined with an accuracy
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of 29 kHz. The demonstration proved that the frequen-
cy-stabilized MIR laser source can be used for precision
spectroscopy measurements of molecules. The system
provides an opportunity for some other applications,
such as vibrational state-selected chemical dynamics
[44, 45], and the optical detection of rare molecular iso-
topes like radioactive 1*COq [46, 47].
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