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Abstract: To expand the applicability of noise-immune cavity-enhanced optical heterodyne
molecular spectrometer (NICE-OHMS), a universal system incorporating a fiber-coupled single-
sideband modulator (f-SSM) for control of the laser frequency has been developed. A homemade
PID servo mainly composed of two integrators has been designed, resulting in a locking bandwidth
of 170 kHz and a continuous tuning range of 2.2 GHz. The system exhibits a noise-equivalent
Doppler-broadened absorption limit of 8.0×10−14 cm−1 for an integration time of 64 s. Since
the f-SSM is the sole external frequency actuator, this opens up for NICE-OHMS based on a
multitude of laser systems.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Benefiting from its superior characteristics, including high sensitivity and resolution, good
selectivity, fast response and non-invasive measurement, laser absorption spectroscopy (LAS)
has been applied to various fields, e.g. air pollution monitoring [1], industrial process control
[2], medical diagnostics [3], isotope measurement [4], national defense security [5], and Mars
methane detection [6]. There are also increasing interests in its use for fundamental research
fields, e.g. for spectra parameter measurements [7], as optical frequency standard [8], and for
ultra-cold atomic and molecular spectroscopy [9]. Up to now, the minimum detectable laser
intensity attenuation rate (∆I/I, where I is the laser intensity) due to absorption, also referred to
as the minimum detectable absorption (MDA), range, for different LAS techniques, from 10−3 to
10−13.

The simplest and most basic LAS technique is slow-scanned direct absorption spectroscopy
(DAS), which has a MDA of 10−3. One way to improve on this is to utilize a fast scanning
scheme [10] or a modulation/demodulation [11] technique since such can encode the absorption
information into audio/radio frequency range where the amount of technical noise is low. This
reduces the 1/f noise and can provide an MDA in the 10−5−10−6 range.

Another way to improve on LAS techniques is to increase the interaction length between the
laser light and the target molecules by using a multipass cell [12] or a Fabry-Pérot (F-P) cavity
[13]. This can increase the sensitivity by several orders of magnitude.

Noise-immune cavity enhanced optical heterodyne molecular spectrometry (NICE-OHMS),
based on a combination of cavity enhanced absorption spectroscopy (CEAS) and frequency
modulation spectroscopy (FMS), is the most sensitive LAS technique. In this technique, which
uses the Pound-Drever-Hall (PDH) and the DeVoe-Brewer (DVB) techniques, all components of
a frequency-modulated laser are simultaneously made resonant with longitudinal modes of a high
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finesse F-P cavity. Benefiting from this, NICE-OHMS is immune to frequency-to-amplitude
noise.

In its early days, based on a fixed-frequency ND:YAG laser, NICE-OHMS was utilized by
Ye, Ma and Hall as a frequency reference by addressing a sub-Doppler (sD) feature in a C2HD
transition at 1064 nm [14]. In that realization, it demonstrated an astonishing noise equivalent
absorption limit (NEAL) of 10−14 cm−1 over 1 s integration time. During the subsequent years,
for increased applicability and for a variety of applications (e.g. as optical frequency standard,
for molecular or ionic spectroscopy, for spectral parameter measurements, and for trace gas
detection), NICE-OHMS was realized in a multitude of wavelength ranges (primarily in the NIR
and MIR wavelength ranges) around different kinds of tunable lasers, e.g. external cavity diode
lasers [15], Ti:sapphire lasers [16], DFB lasers [7,17], fiber lasers [18] and whispering gallery
mode lasers [19], quantum cascade lasers [20] and optical parametric oscillators [21]. In 2018,
Zhao et al. pushed the detection sensitivity of Doppler broadened (Db) NICE-OHMS realized
around a F-P cavity with a finesse of 55000 by using balance detection technique to the shot
noise level [22].

Despite that the NICE-OHMS technique is claimed to be noise-immune, the immunity is
adversely broken if any wavelength-dependent losses are present, either from absorption of the
intracavity gas or from the optical system. This implies that it is still of importance to lock the
frequencies of the laser components to those of the cavity mode as tightly as possible. This
requires, for the PDH locking, both a high gain at low frequencies and a large locking bandwidth.
To achieve this, usually more than one frequency actuator is utilized, of which at least one is a
part of the laser system. For example, in fiber laser based NICE-OHMS systems, which have
demonstrated the most sensitive detection of trace gases, due to the low-pass response of the
piezoelectric transducer (PZT) of the laser, an external acoustic optical modulator (AOM) is used
to ensure a locking bandwidth larger than 100 kHz. This implies that the performance of the
system partly is given by the properties of the laser system (e.g. its slow tunability) and partly by
the AOM.

In 2019, to simplify the locking system, Zhou et al. replaced the two frequency actuators by a
single fiber single-sideband electro-optic-modulator (f-SSM) [23]. An f-SSM is composed of two
Mach-Zehnder (MZ) interferometers, each driven by a radio frequency (RF) source. By properly
relating the phase difference of two RF signals to each other such a system can produce a single
sideband. The frequency of the output from such a device can then be shifted by controlling the
driving RF frequency. Since the MZ interferometers can be modulated at high MHz frequencies
with the range of dozens of GHz, an f-SSM can be detuned at significantly higher frequencies
than AOMs. Implementing an f-SSM into a NICE-OHMS system vouches for a more robust and
versatile NICE-OHMS system (better locking and larger scanning range). The universality of the
f-SSM based NICE-OHMS have been tested by various types of lasers.

However, in the initial work, which utilized a relative low finesse cavity (finesse: 2300),
because of an insufficient gain of the PID at lower frequency, the tunability of the laser frequency
was limited whereby only sD signals could be addressed (in that case, in that work, used as an
absolute optical frequency for atmospheric Lidar). However, the sD signal is highly sensitive
to a multitude of parameters, including laser intensity, light polarization, gas pressure and a
gas exchange rate, which introduce difficulties to quantify the targeted gas. Since the degree of
saturation is inversely proportional to the square of molecular dipole moment, high laser power is
indispensable to stimulate saturation absorption, especially for the molecule with weak dipole
moment like CO2. What’s more, the refined broadening, such as power broadening and transit
time broadening, get noticeable or even dominant under Doppler-free scheme thus adversely
affecting the absorption profile and, additionally, complicating the modelling of the signal. In
conclusion, sD detection is not preferred over Db detection when trace gas detection is performed.
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In this work, a universal NICE-OHMS setup for Db detection with a high finesse cavity has
been constructed around a commercial f-SSM. A PID servo for the PDH locking with considerable
gain at low frequency and a wide locking bandwidth has been designed. Its performance for Db
NICE-OHMS detection is scrutinized by addressing trace concentrations of acetylene. Finally,
the sensitivity of the spectrometer is evaluated by use of an Allan-Werle analysis.

2. Experimental setup

The experimental setup for f-SSM based Db NICE-OHMS, shown in Fig. 1, is similar to that in a
previous work [23], with the exception for a few minor alterations. In short, the light, output
from an erbium-doped fiber laser (EDFL, Adjustik E15 PztS PM, NKT Photonics), emitting
light at around 1531 nm and addressing an acetylene transition at 6531.78 cm−1 with a line
strength of 4.0×10−21 cm−1/(mol·cm−2), was sequentially passed through an f-SSM (MU-SSB-
N-15-PM-FCAPC, Beijing Keyang Photonics) driven by a voltage controlled oscillator (VCO,
108648-HMC586LC4B, Analog Devices), an erbium-doped fiber amplifier (EDFA) to amplify
and stabilize the laser power, and a fiber-coupled electro optic modulator (f-EOM) with proton
exchanged waveguide (to suppress the residual amplitude modulation [24]) before it is sent into
free space by a fiber collimator. Two modulation frequencies at 20 MHz and 381 MHz were
imposed on the laser light by the f-EOM for PDH and frequency modulation spectroscopy (FMS)
with modulation indices of 0.1 and 1, respectively. Before impinging onto the cavity, the laser
passed through a mode-matching lens (ML), a half wave plate (λ/2), a polarization beam splitter
(PBS), and a quarter-wave plate (λ/4). The cavity, composed of two high reflection mirrors, has a
finesse of 55 000. The distance between the two mirrors is 39.4 cm, providing a free space range
(FSR) of 381 MHz.

Fig. 1. Schematic illustration of the f -SSM based NICE-OHMS system. It comprises
the following items: EDFL, Er-doped fiber laser; f -SSM, fiber coupled single sideband
modulator; EDFA, Er-doped fiber amplifier; VCO, voltage control oscillation; f -EOM, fiber
coupled electro-optic modulator; ML, mode matching lens; Len, focusing lens; λ/2, half-wave
plate; PBS, polarization beam splitter; λ/4, quarter-wave plate; PD1,2, photodetector; PS,
phase shifter; LP, low pass filter; BP, bandwidth filter; and FG1,2, frequency generator.

The reflection of the cavity was deflected by the PBS to a photodetector (PD1), whose signal is
demodulated at 20 and 361 MHz to generate error signals for the PDH and the DVB locking
processes, respectively, where the latter is used to lock the modulation frequency of the FMS
to the cavity FSR so that all components of the FMS are simultaneously resonant with their
corresponding cavity longitudinal modes. In this setup, the VCO, which, with a modulation
bandwidth of 800 kHz, drives the f-SSM, is the only unit that controls the laser frequency for
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both laser wavelength scan and frequency locking. The NICE-OHMS signal finally, is obtained
by demodulating the cavity transmitted signal from PD2 at the modulation frequency of the FMS.

3. Locking procedure

3.1. Transfer function of the VCO controlled f-SSM

The transfer function of the combination of the VCO and the f-SSM was measured by using the
comb-like cavity transmission modes as a frequency ruler. Bode plots of the transfer function
are shown in Fig. 2, where the panels (a) and (b) display the normalized gain and phase shift of
transfer function as functions of the driving frequency, respectively. The red curves show the
corresponding theoretical fittings of a third-order low pass filter. As can be seen from the figure,
the amplitude response is constant and the phase shift remains restricted for frequencies up to
100 kHz. The bandwidth is around 800 kHz, which is larger than the bandwidth of the AOM in
the conventional fiber laser based NICE-OHMS [25]. This implies that the system is expected to
have better locking performance than the conventional fiber laser based NICE-OHMS.

Fig. 2. Panel (a): The amplitude and, panel (b), the phase shift of the f-SSM. The black
open markers represent the measured entities, while the red solid curves display the expected
response of a third-order low pass filter.

3.2. Design of PID servo

With the knowledge of the response of each unit in the feedback loop (as shown in Fig. 3), a
PID servo to lock the laser to the high finesse FP cavity was designed. The transfer function
of the cavity, which is plotted as the red solid curves in Fig. 3 [the gain and phase shift in the
panels (a) and (b), respectively], was modeled as a low pass filter with a 3 dB frequency equal to
a cavity mode width of 3.45 kHz. The f-SSM response is shown by the blue curves. The curves
in magenta show the transfer function of the PID servo, which consists of two active integrators
at the corner frequencies of 48 Hz and 36 kHz, respectively, to ensure substantial gain at low
frequency region and two phase leads. Another combination of electronic passive low-pass filter
and phase lead, which is used to avoid oscillations of the loop and significantly improves the
locking performance, has corner frequencies of 10 Hz and 1 kHz, respectively. The responses of
the open loop without and with the integrators on, which comprises the responses of the cavity,
the f-SSM model, and the PID circuit, are shown by the black solid curve and black dash dot
curve in Fig. 3, respectively. They possess a substantial gain in the low frequency domain (larger
than 200 dB at 1 Hz with integrators on) and result in a servo bandwidth of 170 kHz. Moreover,
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at unit gain, it has a sufficient phase margin that is equal to 40 degrees, which guarantees a stable
and robust laser-to-cavity locking.

Fig. 3. Bode plot with gain and phase development of the controller for the PDH locking
scheme used. The magenta curves show the PID comprising two active integrators to provide
high gain at low frequencies. The black solid curves show the open loop of the feedback
system, including the response of the cavity (red line), the f-SSM model (blue line) and the
PID. By this, a PID servo loop with gain larger than 200 dB at 1 Hz and with 40 degrees
phase margin at 170 kHz (the 0 dB point) were realized.

As a comparison, the doted green curves in Fig. 3 represent the transfer function of the fiber
laser PZT. Owing to its low pass filter behavior and resonances at 35 kHz and 46 kHz, respectively,
the bandwidth of the feedback servo used with the laser PZT is often limited to below 1 kHz.

3.3. Evaluation of the locking

To assess the locking performance, the frequency deviations between the laser and the cavity mode
and between the cavity FSR and the modulation frequency, were deduced from the error signals of

Fig. 4. Frequency distributions of the error signals of the (a) PDH and (b) DVB locking.
The black solid curves represent Gaussian fits. The σ represent the FWHM of the fits. Panel
(c) displays the frequency noise spectra of the PDH locking.
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Fig. 5. Panel (a): The red solid and the black dashed curves, the measured and a fitted
theoretical Db NICE-OHMS signals; Panel (b): the residual of the fit.

the PDH and DVB circuits, respectively. The frequency calibrations of the error signals originate
from the odd-symmetry error signals when scanning the laser or the modulation frequency,
respectively, whose peak-to-peak voltage amplitude corresponds to a frequency deviation equal
to the FWHM of cavity mode (6.9 kHz in our case). The frequency distributions of the PDH and
DVB error signals during locking are drawn as histogram in the Figs. 4(a) and (b), respectively.
The solid curves are the fits of a Gaussian distribution function. The retrieved standard frequency
deviations, i.e. the σ, were found to be 473 and 92 Hz respectively. The frequency spectrum
of the PDH error signal when both locking processes are activated are drawn in Fig. 4(c). The
bump at 170 kHz (marked by a black dashed line) indicates the bandwidth of PID servo loop.

4. Db NICE-OHMS signal and detection sensitivity

4.1. Db NICE-OHMS

Due to the high gain of the PID servo at low frequencies and the wide tuning range of the f-SSM,
a frequency scan range of 2.2 GHz, over which a high-contrast Db NICE-OHMS signal was
retrieved, could be obtained. To assess the performance of the system, the cavity was filled with
10 ppm C2H2 at 100 mTorr. With an incident laser power to the cavity of 2.4 mW, the intracavity
power built up to more than 10 W, which provided optical saturation of the transition addressed.
The red curve in Fig. 5 displays the transmitted Db NICE-OHMS signal at dispersion phase
(averaged 5 times), while the black dashed curve depicts a fit of the expected Db NICE-OHMS
signal based on a Voigt line shape function with pressure broadening coefficients taken from
the HITRAN database [26]. The fitting residual is shown in the lower panel. Except for the
sub-Doppler features, which were not considered in the fitting model, the fitting indicates a good
agreement between theory and measurement. This signal was used to calibrate the response of
the system.

4.2. Detection sensitivity

The detection sensitivities of two different experimental schemes [f-SSM-equipped and a
combination of PZT and AOM controlled (denoted “traditional”) Db NICE-OHMS] were
evaluated by the use of Allan-Werle plots. To assess the ultimate detection sensitivities of the
systems, the NICE-OHMS signal was measured with the two detection schemes without gas for
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Fig. 6. Allen-Werle plot of the empty-cavity response of traditional and f-SSM-equipped
Db NICE-OHMS, respectively.

more than 5 hours. The red and the black curves in Fig. 6 show the corresponding Allan-Werle
plots for the traditional and the f-SSM-based NICE-OHMS setup.

Although the responses for the two realizations are clearly dissimilar, their differences are not
substantial: The white noise response, dominating the curve for integration times up to around
30 s, is slightly poorer for the f-SSM equipped system than for the traditional setup (4.2 and 3.0
× 10−13 cm−1 Hz−1, respectively). The cause for this is attributed to the fact that the f-SSM,
which comprises a multitude of fiber components, introduce a higher level of phase noise in the
NICE-OHMS dispersion signal than what a single AOM does. The long-term response, which
takes place for integration times above 40 s, is better for the f-SSM system than for the traditional
setup. This is attributed to the fact that there are fewer frequency actuators in the f-SSM setup.

The traditional setup provides an optimum NEAL of 9.2×10−14 cm−1 for an integration time
of 34 s. For the case with the f-SSM based setup, the NEAL was found to be 8.0×10−14 cm−1

at 64 s. For a sample pressure of 70 Torr, this corresponds to a minimum detectable C2H2
concentration of 290 ppq (parts-per-quadrillion, 1:10−15). This indicates that the f -SSM, which
replaces the traditional frequency actuators with considerable tunability in NICE-OHMS, does
not significantly deteriorate the analytical performance of the NICE-OHMS system.

5. Conclusion

A NICE-OHMS spectrometer for Db trace gas detection has been developed around a f-SSM,
which acts as a sole actuator of the frequency of the laser light. To ensure a robust locking, a
homemade PID servo loop with a bandwidth of 170 kHz was designed. With sufficient gain at
low frequency of the PID servo, a robust locking of the laser light to the cavity modes a high
finesse (∼55 000) FP cavity could be obtained.

Two different NICE-OHMS realizations were compared; one with an f-SSM as the sole
frequency actuator, and one in which the frequency control was made through the PZT in the
laser (for slow frequencies) and an AOM (for higher). It was found that the two systems have
similar behavior.

The locking performances of the f-SSM-based system were analyzed by the frequency
distribution of the in-loop noise, resulting in standard deviations of 473 and 92 Hz for PDH and
DVB locking processes, respectively. The f-SSM could also provide a laser frequency scanning
range of 2.2 GHz, which is sufficient to obtain a full Db NICE-OHMS signal. The detection
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sensitivity of the spectrometer, analyzed by an Allen-Werle plot, showed a minimum NEAL of
8.0×10−14 cm−1 for an integration time of 64 s.

Since the f-SSM is a single widely scannable external frequency actuator, this work thus
demonstrates that the NICE-OHMS technique can be used with a large variety of laser sources,
not only the narrow-linewidth fiber-lasers used in this realization, but also other types, including
fix frequency lasers, for high sensitive Db-detection.
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