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Abstract: Noise-immune cavity enhanced optical heterodyne molecular spectroscopy (NICE-
OHMS) is extremely sensitive in detecting weak absorption. However, the use of NICE-OHMS
for metrology study was also hindered by its sensitivity to influence from various experimental
conditions such as the residual amplitude modulation. Here we demonstrate to use NICE-OHMS
for precision measurements of Lamb-dip spectra of molecules. After a dedicated investigation
of the systematic uncertainties in the NICE-OHMS measurement, the transition frequency of
a ro-vibrational line of C2H2 near 789 nm was determined to be 379 639 280 915.3±1.2 kHz
(fractional uncertainty 3.2 × 10−12), agreeing well with, but more accurate than, the value
determined from previous cavity ring-down spectroscopy measurements. The study indicates the
possibility to implement the very sensitive NICE-OHMS method for frequency metrology of
molecules, or a molecular clock, in the near-infrared.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Precise frequency measurements of molecular transitions play an essential role in widespread
applications, such as frequency metrology [1], astronomy [2,3], and molecular spectroscopy [4,5].
There are also increasing interests to use precise molecular transitions to test the quantum
electrodynamics (QED) theory [6–8], to determine fundamental physical constant [9] or to verify
its stability [10–13], and to search parity-violating effects in chiral molecules [14, 15]. Moreover,
reliable molecular frequencies are also candidates for optical clocks [16].

However, molecular lines in the near-infrared are mostly overtone transitions, which are orders
of magnitude weaker than fundamental transitions [17, 18]. Precision spectroscopy of those lines
requires highly sensitive detection methods. The sensitivity of detection can be considerably
improved by using cavity enhancement absorption spectroscopy (CEAS) [19,20], which takes
advantage of a high finesses optical cavity to increase the optical path length. Since CEAS
directly detects the change of transmitted laser power, the sensitivity is limited by the fluctuation
of probe laser power and the 1/ f noise. Cavity ring-down spectroscopy (CRDS) [21,22] measures
the exponential decay of the laser power inside the resonant cavity, which is naturally immune to
the laser power noise, leading to considerable improvement on the sensitivity [23]. The noise
immune cavity enhanced optical heterodyne molecular spectroscopy (NICE-OHMS) technique
combines the advantage of frequency modulation for reduction of noise and that of the cavity
enhancement of the absorption path. The modulation frequency used in NICE-OHMS is set
equal to the cavity free spectral range, which also considerably reduces the laser frequency noise.
The technique was demonstrated as a frequency reference at 1064 nm by Ye et al. [24, 25]. Since
then, this extremely sensitive technique, was applied in the studies of precision measurements of
molecules [26,27] and trace gas analysis [28,29]. Recently, Zhao et.al. [30] reported a new result
of noise equivalent absorption per unit length (NEAL) of 2.3× 10−13 cm−1Hz−1/2, being close to
the shot noise limit.
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The high-finesse optical resonant cavity not only enhances the effective absorption path length,
but also significantly enhances the light power in the cavity. Therefore, it allows saturation
spectroscopy using low-power continuous-wave lasers [31]. Recently we have realized Lamb-
dip measurements of ro-vibrational transitions of 12C16O at 1.57 µm with an uncertainty of
0.5 kHz [32] using comb-locked CRDS [32, 33]. In general, the NICE-OHMS technique is
more sensitive than CEAS and CRDS, but as far as we know, there is no metrology study using
NICE-OHMS toward an accuracy around 1 kHz in the near-IR region. In this paper, we report a
comparison between NICE-OHMS and CRDS in metrology study of molecules, by measuring
the Doppler-free saturated absorption spectrum of an acetylene line near 789 nm which has been
recently measured by CRDS [34]. As will be shown in the following sections, the NICE-OHMS
technique, being more sensitive than the relatively simple CRDS technique, needs dedicated
investigations of various experimental conditions to eliminate systematic uncertainties, before it
could be used as a technique for frequency metrology of molecules. We demonstrated to use
NICE-OHMS to precisely determine the center of the acetylene line, agreeing well with that
we obtained from CRDS. Moreover, we implemented an optical reference with a stability of
3 × 10−13 by locking a laser at the molecular line center using NICE-OHMS.

2. Experimental

The configuration of the experimental setup is shown in Fig 1. The 45.9-cm-long high-finesse (F
= 67 000) cavity comprises a pair of high-reflective mirrors (Layertec, 1m radius of curvature),
with one of the mirrors mounted on a piezoelectric actuator (PZT). The optical cavity is
temperature stabilized at 25◦C with a drift well below 10 mK/hour. The cavity is enclosed
in a vacuum chamber which is also used as a heat reservoir. An external-cavity diode laser
(Toptica DL100) with an output power of 40 mW, operating at around 778 nm, is locked to
the optical cavity using the Pound-Drever-Hall (PDH) method [35]. Part of the laser beam is
split for the frequency calibration, while the main beam first passes through an acousto-optics
modulator (AOM), then is phase modulated by a fiber based electro-optic modulator (EOM
Eospace PM-0K5-PFA-PFA-800UL). The EOM is temperature-stabilized by a TEC unit. Two
frequencies, fPDH about 20MHz and fFSR about 327MHz, are simultaneously coupled into the
EOM through a radio-frequency power combiner.

A small part of the beam was split from the main beam, and two detectors (PD1 and PD2) were
used to monitor the laser power drift and the parasitic residual amplitude modulation (RAM)
effects [36], respectively. A feedback circuits, the “power servo”, was applied on the AOM
to stabilize the laser power. Another feedback circuits, the “RAM servo”, was also applied to
reduce the RAM effect (will be discussed later). The beam reflected from the cavity is detected
by a photo-receiver (PD3), and the signal is divided to lock the laser frequency to the cavity
mode via the PDH scheme and to lock fFSR to the cavity free spectral range frequency with
the DeVoe-Brewer (DVB) scheme [37]. The beam transmitted through the cavity is collected
with a high-speed photo-receiver (PD4) and then demodulated at the frequency fFSR by a
doubly balanced mixer (DBM). The resulted signal from the DBM is amplified to retrieve the
dispersion signal of fm-NICE-OHMS. When a dither frequency of about 200 Hz was applied
to the piezoelectric actuator attached on the HR mirror, 1 f or 2 f wavelength modulated (WM)
NICE-OHMS signals can be obtained by a lock-in amplifier (SR830). The cavity length is
stabilized through the piezoelectric actuator driven by a phase-lock circuit based on the beat
signal between the laser and an optical frequency comb. The frequency comb is synthesized
by an Er-fiber Oscillator operated at 1.56 µm. Its repetition frequency ( fR about 184MHz) and
the carrier offset frequency ( f0) are both referenced to a GPS-referenced rubidium clock (GPS
Reference-2000).
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Fig. 1. Configuration of the NICE-OHMS experimental setup. An external-cavity diode
laser (ECDL) is locked to the optical cavity using the PDH method, and sent through an
EOM to impose both frequencies fPDH and fFSR . The laser power fluctuation is monitored
by PD1 and controlled by the AOM modulator. Extra Residual amplitude modulation is
recorded by PD2 and controlled by the RAM servo. The signal of the beam reflected from
the cavity is recorded by a photo-diode PD3, used for both PDH servo and DVB servo. An
addition cavity-length dither modulation with a frequency of fdith is applied for lock-in
detection. The beat signal between the probe laser and an optical frequency comb is used to
lock the laser frequency through the feedback sent to the piezoelectric actuator attached on a
cavity mirror.

3. Results and discussion

The C2H2 sample was purified by a liquid-N2 ethanol solution trap before use. The P(5) line in the
ν1+3ν3 band of C2H2 is located at 12663.403 cm−1, with an intensity of 1.5×10−23 cm/molecule
and an Einstein coefficient of 0.03 s−1 [38]. The transition dipole moment is 0.26mD. The
saturation power is estimated to be about 38 kW cm−2. In our measurements, the intra-cavity light
power was about 13 W. Taking into account a laser beam waist radius of 0.5 mm, we estimate
that the saturation parameter was about 0.1.
Fig. 2 shows the spectrum recoded at a pressure of 1.5 Pa. Both the dispersion signal of

fm-NICE-OHMS and wm-NICE-OHMS signals were recorded. Each scan takes about 50
seconds, with a frequency step of 160 kHz and an averaging time about 1 s. For comparison,
a CRDS spectrum is also given in Fig. 2. The CRDS scan took about 71 seconds. Because of
the residual amplitude modulation and laser power fluctuation, there is a baseline drift in the
dispersion signal of fm-NICE-OHMS, and the sensitivity is comparable to CRDS. The drift is
considerably reduced in the 1 f wm-NICE-OHMS signal, and the signal-to-noise ratio (SNR) is
about 10 times of that in CRDS. In the 2 f wm-NICE-OHMS spectrum, both the noise level and
the signal amplitude decrease, result in a SNR similar to the 1 f spectrum.

The NICE-OHMS line parameters such as the peak center and line-width are derived using the
method similar to that given by Axner [28, 39]. The sub-Doppler 1 f wm-NICE-OHMS spectra,
detected at the first harmonic of the WM dither frequency, can be described as a product of a
signal strength and the first Fourier coefficient of a Lorentzian dispersion function.
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Fig. 2. Lamb-dip spectrum of P(5) line in the ν1 + 3ν3 band of 12C2H2 recorded by different
methods (b). Acetylene sample pressure was 1.5 Pa. As for amplitude of the absorption
signal, the Lamb dip obtained from CRDS has a depth of 4 × 10−9 cm−1. Fitting residuals
(all multiplied by a factor of 100) of the CRDS and 1 f wm-NICE-OHMS spectra are shown
in (a) and (c), respectively.

Compared to the CRDS method, more sophisticated frequency modulation and wavelength
modulation are used in NICE-OHMS measurements. We found that the line center determined
from the fit of the NICE-OHMS spectrum could be sensitive to some of the experimental
conditions. In order to determine the line position precisely, we investigated various conditions
which may raise systematic shift on the line center and these effects are described below.

WM-modulation amplitude and frequency - Wavelength modulation is made by dithering
the cavity length through the piezo actuator. This modulation helps to eliminate the slow
baseline drift in the dispersion NICE-OHMS signal which often comes from residual amplitude
modulation (RAM) in the frequency modulation or other etalon effects [40]. However, special
caution must be paid since the modulation could also impose distortions on the line profile. To
properly assess the systematic effect due to the modulation, different modulation amplitudes
and modulation frequencies were applied and the line centers were derived by fitting the spectra
obtained at different conditions. The results are depicted in Fig. 3. The modulation amplitude
was first fixed at about 0.6 MHz, and the modulation frequency varied between 100 Hz and
800 Hz. When a modulation frequency of over 300 Hz was applied, there would be a considerable
shift on the line centers obtained from the fit of the spectrum. Meanwhile, choosing a very
low modulation frequency will result in an increasing noise level. Similar effect appeared
when we fixed the modulation frequency at 200 Hz and changed the modulation amplitude up
to over 1 MHz. A possible reason is, due to the limited bandwidth and gain of the feedback
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servo for locking the laser to the cavity, when the modulation amplitude or the modulation
frequency is too large, the laser frequency cannot follow the change of the cavity mode frequency,
which results in distortion of the line shape. Therefore, for precision spectroscopy towards sub
kHz uncertainty, the modulation conditions must be carefully chosen. In our case, we chose a
modulation frequency of 200 Hz and an amplitude of 0.3 MHz, confirming that the influence
should be well below the statistical uncertainty.
Residual amplitudemodulation - The fiber electro-opticmodulator used for phasemodulation

could modulate the laser power as well, which is the so called residual amplitude modulation
(RAM). RAM can rise from the Fabry-Pérot etalon effect due to reflections from facets of the
EOM crystal and other reflective surfaces [36, 41], from beam polarization effects [42], or from
thermal effects in the EOM medium [36,41, 42]. All these effects ultimately limit the sensitivity
and the accuracy of the measurement. In order to suppress this effect, we used a method based
on an active servo at the output of the EOM [36]. A radio-frequency (RF) spectrometer was
used to monitor the signal recorded by PD2. We use the RF power at 327MHz divided by the
total laser power as a measure of the RAM amplitude. A feedback servo was used to reduce
the RAM signal. As shown in Fig. 3, when the RAM amplitude is below -20 dB, no detectable
RAM-induced line shift was found in our WM-NICE-OHMS measurements.
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Fig. 3. Systematic shifts in the 1 f wm-NICE-OHMS measurements. Influence of choosing
different frequencies and amplitudes in the wavelength modulation are given in (a) and (b),
respectively. The effect of the residual amplitude modulation (RAM) is shown in (c). The
shaded region represents 1σ standard deviation of the final result.

Pressure shift - The transition frequency was measured many times at different pressures
in the range of 0.1 - 2 Pa. The results are depicted in Fig. 4, and each data point stands for
an averaged value derived from about thirty independent measurements. Both of the linear
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fit and the weighted average of the line positions obtained at different pressures are given in
Fig. 4(a). Note that the pressure induced shift was reported to be -3.3 kHz/Pa from the Doppler
broadened spectra [43], which is considerably larger than the result observed here. Eliminated
pressure-induced line shifts in Lamb-dip measurements at low pressures were also observed for
different transitions of quite a few molecules [32, 34, 44]. Taking into account the difference
between the weighted average and linear fit of the positions obtained at different pressures, we
give an uncertainty of 0.5 kHz for the contribution from the pressure dependence of the line
center. The collisional or pressure-induced broadening, was also obtained from fitting the spectra
and they are plotted in Fig. 4(b). The line width (FWHM) follows a linear dependence on the
pressure with a slope of 206(6) kHz/Pa. As a comparison, the self-broadening coefficient was
reported to be 77.5(6) kHz/Pa (FWHM) derived from the Doppler broadened spectra recorded
between 10 - 600 Torr [45]. The disagreements between low-pressure Lamb-dip measurements
and high-pressure Doppler broadened spectra were found for both the pressure broadening and
pressure shift coefficients. It has been discussed in our previous work [44], and also was recently
investigated by Sears et al. [46] indicating rich physics in the collision dynamics of molecules at
low pressures.
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Fig. 4. Line position (a) and line-width (b) of the P(5) line obtained at different sample
pressures. The red area was 95% fitting confident interval of the linear fitting. The violet
area was 95% fitting confident interval of the 0-slope linear fitting. Both the linear fit and
the weighted average of the line positions are shown in panel (a).

Other systematic effects - We have also investigated other experimental parameters which
may potentially introduce systematic shifts, such as the laser power and the fiber EOM driving
power (modulation index). No detectable shift in the line center was observed, when we reduced
half of the laser power or the EOM driving power.
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The uncertainty budget of the P(5) line position determined from 1 f wm-NICE-OHMS
measurements is given in Table 1. The statistical uncertainty is 0.2 kHz. Other systematic
uncertainties from the effects discussed above are listed in the table. Finally, we determined the
line center to be 379 639 280 915.3(1.2) kHz. This value agrees well with our previous result
379 639 280 915.0(3.2) obtained from CRDS measurements.
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Fig. 5. Allan deviations of the laser locked on the C2H2 line using the NICE-OHMS method.
Triangles are the beat-note between the NICE-OHMS stabilized laser and a frequency comb.
Squares are for the rubidium clock, given by the manufacture.

In order to investigate the long-term stability of the system, we used a feedback servo based
on the 2 f wm-NICE-OHMS signal to control the cavity length through the PZT attached to the
HR mirror, which eventually lock the laser to the P(5) line of C2H2. Beat frequency between
the laser and the frequency comb was recorded and the Allan deviations are shown in Fig. 5.
It indicates a stability of 8×10−12Hz−1/2, and reaches about 3×10−13 at 1000 s. The fractional
frequency uncertainty is primarily limited by the GPS-referenced rubidium clock used in our
measurements, and could be potentially improved by replacing it with a hydrogen master. Note
that a stability of 10−14 has recently been demonstrated by NICE-OHMS [1] without giving
an absolute value of the frequency. The work presented here indicates that the NICE-OHMS
technique can be potentially used to realize a molecular clock with an accuracy of 10−14, it would
be comparative to the best record obtained by J. Ye′s group who used a transition of CH4 in the
mid-IR region [16].

4. Conclusion

In summary, we implemented the comb-locked NICE-OHMS technique for frequency metrology
study of molecules. It combines extremely high sensitivity and high accuracy as well, being
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Table 1. Uncertainty budget of the position of the P(5) line in the ν1 + 3ν3 band of 12C2H2,
in kHz.

Source Corrections ∆ f (1σ)

Statistics 379 639 280 914.7 0.20

Frequency calibration <0.80

Line profile <0.30

WM dither Frequency <0.10

WM dither Amplitude <0.30

RAM <0.27

Pressure shift <0.45

Others <0.45

Second-order Doppler +0.60 0

Total 379 639 280 915.3 1.2

a powerful tool to investigate Doppler-free transitions of molecules in the near infrared. The
method was demonstrated by studying an overtone transition of C2H2 near 789 nm. Compared
to the CRDS measurements implemented with the same cavity, the wavelength-modulated
NICE-OHMS method improves the signal-to-noise ratio with a factor of 10. Potential sources
which may contribute to the systematic shift on the line position were investigated, including
the residual amplitude modulation, wavelength modulation amplitude and frequency, and other
experimental conditions. An overall uncertainty of 1.2 kHz (δν/ν = 3.2 × 10−12) was given to
the position of the C2H2 line at 12663.40 cm−1 determined by NICE-OHMS. We also stabilize a
laser to the molecular line using the 2 f wm-NICE-OHMS signal. A stability of 3×10−13 was
demonstrated for hours, which was mainly limited by the accuracy of our current reference clock.
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