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A B S T R A C T

The development of precision frequency references at 1550 nm is limited by scarce molecular transition options 
for fiber-optic communications and coherent LiDAR applications. We identify the 321 (101) ← 312 (000) ro- 
vibrational transition of HD16O at 1549.8639 nm as a metrologically viable candidate, offering complemen
tary capabilities to existing BIPM-recommended standards. A compact dual-mode operation cavity-enhanced 
absorption spectrometer (30 cm × 30 cm footprint) employing spectral characterization and active locking 
enables precision spectroscopy and laser stabilization via differential piezoelectric transducer (PZT) feedback for 
cavity length control. Using wavelength-modulated cavity-enhanced saturated absorption spectroscopy with 
optical frequency comb calibration, we determine the absolute transition frequency to be 193,431,476,145.8(12) 
kHz. The system achieves 2 × 10− 12 frequency stability at 512 s integration time and sustains <20 kHz frequency 
deviation over 10-hour continuous operation with a cavity leaking rate of 0.18 Pa/hour performance rivaling 
conventional acetylene-based references in this spectral band. This work establishes HD16O transitions as 
practical frequency references for field-deployable wavelength stabilization in next-generation photonic systems 
operating at telecom wavelengths.

1. Introduction

The rich internal degrees of freedom inherent in molecules – 
including vibrational modes, rotational states, and hyperfine structures 
– enable diverse applications through precision molecular spectroscopy 
[1–4]. These molecular transitions provide versatile optical frequency 
references spanning the entire electromagnetic spectrum while serving 
as critical benchmarks for frequency metrology.

Recent advances combining saturated absorption spectroscopy with 
optical frequency combs [5–7] have achieved unprecedented accuracy 
in frequency determination at the kHz level or better [8,9]. Notable 
implementations include He-Ne lasers stabilized to CH4 transitions at 
3.39 μm [10], ND:YAG lasers stabilized to I2 transitions near 1550 nm 
[11,12], 1064 nm [13] and 531 nm [14,15], along with near-infrared 
references utilizing N2O transitions at 1.28 μm [16], H2

18O transition 
at 1.39 μm [17], HCN and acetylene isotopologue transitions in the 
1.52–1.56 μm range [18,19,20], and CO transitions near 1.56 μm [21].

The 1550 nm spectral region holds particular significance in modern 
photonics due to three key attributes: (1) compatibility with silica op
tical fibers’ low-loss transmission window, (2) alignment with atmo
spheric transparency bands, and (3) operation within the eye-safe 
wavelength regime. Recognized by the International Telecommunica
tion Union as a standard for dense wavelength division multiplexing, 
this region underpins telecommunications infrastructure [22,23]. Cur
rent molecular references in this range comprise approximately fifty 
H13C14N transitions (1530–––1565 nm) [18,24] and several dozen 
BIPM-recommended 13C2H2 acetylene transitions near 1.55 μm [25]. 
However, practical implementation faces challenges: HCN-based sys
tems present toxicity concerns for routine operation, while existing 
acetylene main isotopoluges 12C2H2 references do not precisely align 
with the optimal 1550 nm operational wavelength.

To address these limitations, we propose an alternative frequency 
reference using the HD16O absorption line at 1549.89 nm. This transi
tion offers distinct advantages: HDO samples can be safely prepared 
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through controlled isotopic mixing of deuterated and normal water, and 
its line strength proves suitable for precision frequency reproduction via 
saturated absorption spectroscopy. In this study, we employ cavity- 
enhanced Lamb-dip spectroscopy for absolute frequency determina
tion and demonstrate a compact diode laser stabilization system locked 
to this HD16O transition.

2. Experimental details

The experimental setup is depicted schematically in Fig. 1. The 
configuration was designed to implement wavelength-modulated cav
ity-enhanced absorption spectroscopy (1f-wm-CEAS) and to stabilize the 
laser frequency using an optical assembly mounted on a 30c m by 30 cm 
breadboard. The optical components are largely identical to those 
employed in our previous studies [26,27]. A custom-built tunable 
external cavity diode laser (ECDL), featuring a Littrow-type grating 
configuration [28] and utilizing the SAF1550P2 gain chip from Thorlabs 
Inc., operates within the wavelength range of 1530–1570 nm. This laser 
is split into two beams for frequency scanning and beating purposes. The 
scanning laser beam is phase modulated by a fiber electro-optic modu
lator f-EOM (EOspace, PM-0S5-20-PFA-PFA-1500/1600-UL) at a fre
quency of 25 MHz, and then coupled into an optical cavity. The cavity is 
composed of a compact 5-cm-long quartz cell housing two concave high- 
reflectivity (HR) mirrors with a curvature radius of 1 m (Layertec GmbH 
Inc., R = 0.99993), yielding a free spectral range (FSR) of 2.5 GHz and a 
finesse of approximately 47,000. Two fast detectors are positioned 
before the sample cell. One servo loop maintains the f-EOM at a mini
mum residual amplitude modulation (RAM) signal, as monitored by an 
amplified InGaAs detector EOT1 (ET-3000A from Electro-Optics Tech
nology) [29]. Another fast-detector, EOT2, monitors the back-reflected 
signal from the cavity, which is used to lock the laser frequency to one 
longitudinal mode of the cavity by the Pound-Drever-Hall (PDH) 
method [30] by applying a 25 MHz modulation frequency to the f-EOM. 
In our system, both fast and slow feedback paths are employed 

simultaneously to achieve robust laser frequency lock. The fast feedback 
is applied to the laser current through a PID controller, while the slow 
feedback is sent to the piezoelectric actuator (PZT) of the laser. The 
optical cavity length is sinusoidally modulated at a frequency of 200 Hz 
by a PZT (PANT Piezo Actuators, PTH1501206101), effectively miti
gating noise associated with the baseline drift. The optical cavity is 
enclosed within an aluminum cylinder for heat shielding and then 
within a temperature-stabilized stainless-steel chamber, maintaining 
less than 0.1 K temperature fluctuation. The transmitted laser signal is 
detected by a photodiode (Thorlabs, SM05PD5A) and simultaneously 
demodulated by a lock-in amplifier (Stanford Research Systems, SR860 
500-kHz DSP Lock-in Amplifier), providing the first harmonic signal of 
WM-CEAS. The zero-crossing point between the Lamb-dip of molecular 
saturated absorption in the 1f-wm-CEAS and the baseline serves as a 
frequency reference for laser frequency stabilization. The beat frequency 
between the laser beam and an optical frequency comb (OFC) is recor
ded to measure the absolute laser frequency. The OFC is generated by an 
Er:fiber oscillator operating at a repetition rate (fr ≈ 8205 MHz) and a 
carrier-envelope offset frequency (f0 ≈ 8250 MHz). Notably, it is the sum 
of the actual offset frequency (45 MHz) and the repetition rate that is 
actively stabilized. The entire system is phase-locked to a local active 
hydrogen maser (VCH-1003 M) serving as the frequency reference. The 
absolute laser frequency is expressed as: 

ν = f0 +N × fr + fB (1) 

where fB denotes the beat frequency between the optical comb and the 
laser, and the integer N corresponds to the comb tooth index. The value 
of N can be determined from measurements taken with a HighFinesse 
wavemeter, which provides readings in THz with an accuracy of 10 
MHz.

Two distinct experimental modes, “Spectral” and “Locking”, are 
executed by applying different feedback signals to the PZT for cavity 
length stabilization. In the “Spectral” mode, the feedback signal is 

Fig. 1. Configuration of the experimental apparatus. EOT: Amplified InGaAs Detector; PBS: polarized beam splitter; λ/2: halfwave plate; EOM: electro-optic 
modulator; RAM:residual amplitude modulation; PD: photodetector.
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generated by a locking servo system com- paring the beat signal to a 
preset radio frequency (RF) signal. By adjusting the RF frequency, we 
can precisely tune the laser frequency, thus implementing the “Spectral” 
experimental mode. Alternatively, in the “Locking” mode, the laser is 
continuously locked to the cavity resonance in a similar way as in the 
“Spectral” mode, which is achieved through a feedback signal obtained 
from a proportional-integral (PI) feedback servo system, utilizing the 
demodulated transmitted laser signal at the zero crossing point for 
precise control. This dual-mode approach offers flexible experimental 
configurations to meet specific spectroscopic or locking requirements.

Considering optical cavity leakage effects and the self pressure-shifts 
of H2

16O transitions (in the range between − 21 and + 22 kHz/Pa) in the 
(200) [31,32] and (013) [33] vibrational bands, we systematically 
investigated the 321(101) ← 312 (000) [Jʹ

KáKć
(ν́1ν́2ν́3)←Jʹ́

Kʹ́
aKʹ́

c
(νʹ́

1νʹ́
2νʹ́

3)]

and 413(101) ← 404(000) HD16O transitions near 1550 nm. These 
transitions exhibit relatively small air pressure-shifts under Doppler- 
limited conditions [34], thereby offering strong potential for laser fre
quency stabilization via molecular transition-based schemes. The sam
ple gas was prepared by introducing 10 mL of H2

16O and 10 mL of D2
16O 

into a dried 100 mL stainless steel container. The container was then 
cooled with liquid nitrogen to freeze the mixture and evacuate any re
sidual air. After thawing to room temperature, the vaporized mixture 
was introduced into the optical cavity via a stainless steel tube. To 
ensure isotopic equilibrium on the inner walls of the cavity, the system 
underwent more than 20 repeated cycles of filling and evacuations. The 
saturated absorption spectrum was obtained under low-pressure and 
room-temperature conditions.

3. Results and discussions

3.1. Absolute line frequency determination

Fig. 2(a) presents a representative saturated 1f-wm-CEAS spectrum 
of the 321(101) ← 312 (000) transition at 1549.8639 nm, acquired 
through a single scan with a spectral resolution of 200 kHz across a 6 
MHz range. The measurement, conducted at a sample pressure of 

approximately 1.5 Pa, required an acquisition time of roughly 75 s. It 
can be well reproduced by the first derivation (1f) of the Lorentzian 
function written as follows: 

SWM
L (ν) = A

π •
2
τ

∫ τ

0

Γcos(2πfmt)dt
[Δν + amcos(2fmt) ]2 + Γ2 (2) 

where Δν corresponds to the detuning frequency from the line center ν0. 
Four parameters of the line center ν0, the HWHM (half width at half 
maximum) Γ, the amplitude A and the modulation amplitude am were 
determined from a non-linear fitting procedure. The modulation fre
quency fm, the modulation amplitude am and the lock-in integral time τ 
were fixed at 300 Hz, 5.0 mv and 10 ms, respectively. The spectrum was 
fitted according to Eq. (2) and the residuals are shown in Fig. 2(b). The 
SNR (signal to noise) of a single wm-CEAS spectrum is about 100.

The uncertainty budget analysis for the center frequency of the 
1549.8639 nm transition is presented below, with detailed contributions 
from individual sources summarized in Table 1.

Statistical: About 700 Lamb-dip spectra of the 1549.8639 nm 
transition were recorded in a pressure range of 1 to 2 Pa through three 
independent experimental runs, with a total acquisition time of 
approximately 14 h. The line centers determined from all the wm-CEAS 
scans were collected in Fig. 2(c). The statistical uncertainty of the 
averaged line centers can be written as 4.7/

̅̅̅̅
N

√
kHz, where N represents 

Fig. 2. (a) The saturated absorption spectrum (single scan) of the 321 (101) ← 312 (000) transition recorded by 1f − wm-CEAS at total pressures of 1.5 Pa. (b) Fitting 
residuals, multiplied by a factor of 100. (c) Center frequencies obtained from about 700 scans in three experiments. (d) Histogram of the data shown in (c). The inset 
shows the Allan deviation of the data.

Table 1 
Uncertainty budget for the position of the 1549.86 nm transition of HD16 O 
isotopologue (Unit: kHz).

Source Frequency Uncertainty

Statistical 193 431 476 145.4 0.3
Frequency Comb ​ <0.1
Cavity Locking Servo ​ 0.4
Pressure Shift ​ 1.0
Line profile asymmetry ​ 0.3
Second-order Doppler +0.42 0.01
Total 193 431 476 145.8 1.2
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the total number of spectra used for averaging. The uncertainty de
creases with 1/

̅̅̅̅
N

√
until N ≃100, as shown in the Allan deviations given 

in the inset of Fig. 2(d). Hence, the averaged line center is 
193431476.1454 MHz with a statistical uncertainty of 0.3 kHz.

Frequency Comb: Owing to the frequency comb being phase-locked 
to the hydrogen maser, we give a frequency accuracy of 3 × 10− 13, 
corresponding to 0.06 kHz at 1.55 µm. The frequency counter (BK 
1823A) was also referenced to the same hydrogen maser for monitoring 
and reading the f0 and fr frequency of the OFC. Therefore, the overall 
uncertainty of the frequency comb is less than 0.1 kHz.

Cavity locking servo: The frequency uncertainty due to the bias in 
the cavity locking servo is about 0.4 kHz estimated from the Allan de
viation of the beat frequency between the laser and the frequency comb.

Pressure Shift: Given the leakage in the optical cavity, we system
atically investigated both self and air pressure-shift effects using com
plementary spectroscopic techniques. The self pressure-shifts were 
characterized through pure water cavity ring-down spectroscopy 
(CRDS) measurements, utilizing the same experimental setup described 
in our previous work [35]. Each ring-down curve was fitted with an 
exponential decay function to extract the decay time τ, and the ab
sorption coefficient α was determined from the change in the cavity loss 
rate according to the relation: α = 1

cτ −
1

cτ0
. Simultaneously, the air 

pressure-shifts were precisely quantified using the current wm-CEAS 
system, specifically configured for air–water mixture measurements.

Fig. 3 displays the frequency centers of the saturated absorption 
CRDS for 1:1 mixed water samples of pure H2

16O and D2
16O across a total 

pressure range of 0.25 to 1.53 Pa. The self pressure-shifts δself for the 
HD16O transitions at 1549.86 nm and 1551.60 nm were determined to 
be 1.21(29) kHz/Pa and − 10.56(26) kHz/Pa, respectively, based on a 
linear model fit. They range from 0.025 to 0.25 times the average values 
reported in the work of Diouf et al. [36]. Note that the self pressure-shift 
effect is considered collisions between HD16O, H2

16O and D2
16O water 

isotopologues.
Fig. 4 illustrates the air pressure-shift δair and pressure-broadening 

width γair effects for the HD16O transitions at 1549.86 nm and 
1551.60 nm in the upper and lower panels, respectively. Notably, the 
wm-CEAS measurements for the air pressure effects were performed 
using an air–water mixture derived from a 1:1 mixture of H2

16O and D2
16O 

at an initial pressure of 0.3 Pa with a leakage rate of 0.18 Pa/hour. The 
measured air pressure-shifts for the HD16O transitions at 1549.86 nm 
and 1551.60 nm are 0.518(40) kHz/Pa and − 5.63(24) kHz/Pa, respec
tively. These shifts share the same sign as the self pressure-shifts but 
exhibit magnitudes reduced by approximately half. In contrast, 

literature values for air pressure-shifts report − 1.24 kHz/Pa and − 2.36 
kHz/Pa under Doppler-limited conditions for these two transitions [34], 
highlighting significant discrepancies. Additionally, the low-pressure air 
pressure-broadening width of 200 kHz/Pa exceeds the corresponding 
Doppler-profile values by a factor of six [34], underscoring the pro
nounced pressure-driven broadening effects. The frequency shifts fshift to 
the vacuum frequency can be described with the linear relationship, fshift 
= δself × pwater + δair × pair, where pwater and pair denote the partial 
pressures (in Pa) of water vapor and air in the gas mixture, respectively. 
For the transitions at 1549.86 nm and 1551.60 nm, the pressure-shifts 
were calculated to be 1.0 kHz and − 9.9 kHz under the experimental 
conditions with an initial water vapor pressure of 0.3 Pa, gradually 
increased to a total pressure of 1.5 Pa. In analyzing the 1549.86 nm 
transition, we adopted a simplified approach by averaging spectral po
sitions across the 1.0–2.0 Pa pressure range. This resulted in a self 
pressure shift of approximately 0.36 kHz and a maximum air pressure- 
shift of 0.88 kHz. Therefore, we conservatively estimated the total 
pressure shift uncertainty to be 1.0 kHz to the overall error budget. It 
also indicates that the 1549.86 nm transition with smaller self and air 
pressure-induced shifts is a better candidate used for laser frequency 
stabilization.

Power shift: The intracavity laser power is calculated to be about 4 
W under 7.0 mw input excitation through combined evaluation of the 
vacuum cavity’s transmission and the 0.15 Pa estimated partial pressure 
of HD16O [5,37]. The AC Stark shift is negligible at the saturation pa
rameters S = 0.05–0.07 yielded from the saturated power Ps calcula
tions, corresponding to pressure-broadened linewidths of 1.5–1.7 MHz 
(HWHM) across the 1–2 Pa gas mixture regime.

Asymmetric lineshape: In wm-CEAS, the use of a lock-in amplifier 
for phase- sensitive detection effectively mitigates spectral baseline 
fluctuations induced by laser intensity noise. Nevertheless, RAM intro
duced during the EOM’s phase modulation process can induce spectral 
line shape asymmetry. This distortion manifests as systematic residual 
patterns exhibiting mirror asymmetry relative to the absorption line 
center. This effect can be quantified with an uncertainty estimation 
protocol based on spectral fitting residuals using the relation: δ ≈

Γ⋅
⃒
⃒
⃒
⃒
dmax

A

⃒
⃒
⃒
⃒, where dmax denotes the maximum fitting residual, and A in

dicates the spectral peak amplitude. Through analysis of the experi
mental data presented in Fig. 2b, we determined a corresponding 
uncertainty contribution of 0.3 kHz.

Second-order Doppler: The second-order Doppler shift was calcu
lated [38] based on the root-mean-square (rms) speed of HD16O mole
cules at room temperature (297 K). Using the kinetic theory of gases, the 
rms speed was determined to be 624 m/s, yielding a corresponding 
frequency shift of − 0.42(1) kHz.

Hence, the comprehensive uncertainty is 1.2 kHz and the 1549.86 
nm transition frequency is determined to be 193,431,476,145.8(12) 
kHz.

3.2. Stabilized laser with HD16O transition

Using the 1f-wm-CEAS as the error signal, the laser frequency was 
actively stabilized to the center of the 1549.86 nm transition via 
applying the feedback signal to the cavity PZT in the “Locking” mode of 
the experimental setup. To quantify the stabilization performance, we 
analyzed the heterodyne beat signal between the laser and the optical 
frequency comb. As shown in the upper panel of Fig. 5, the absolute 
frequency recorded over 10 h with a 1 Hz sampling rate reveals laser 
frequency fluctuations confined within a 20 kHz range around 
193,431,476,145 kHz. The lower panel demonstrates that the frequency 
deviations follow a characteristic white noise response for integration 
times up to 512 s, as evidenced by the dotted-line fit showing τ− 1/2 

dependence. Corresponding Allan deviation analysis indicates fre
quency stability levels of 3.0 kHz (1 s integration time) and 0.5 kHz (512 
s integration time), respectively.

Fig. 3. Water self pressure-shifts of two different HD16O transitions at 1549.86 
nm (red circles) and 1551.60 nm (blue stars) measured with CRDS.
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Notably, molecular line-locking experiments reveal progressive 
degradation of laser frequency stability approximately five hours post- 
lock initiation, ultimately leading to complete lock failure. This phe
nomenon can be attributed to the time- dependent reduction in the slope 
parameter (Spectral Amplitude-to-Linewidth Ratio), which serves as the 
critical determinant for generating effective error signals in frequency 
stabilization systems. During initial operation (<5 h), adequate slope 
magnitude enables stable frequency locking using preconfigured PI pa
rameters. However, gradual pressure accumulation within the optical 
cavity progressively diminishes this critical parameter, eventually 
rendering the original PI settings insufficient for maintaining lock 

stability.
Two mitigation strategies warrant further investigation: 1) Gas 

leakage reduction to maintain optimal cavity pressure conditions, and 2) 
Implementation of adaptive PI control algorithms capable of dynami
cally compensating for time-varying slope parameter variations. Both 
approaches show potential for achieving extended-duration frequency 
stabilization in the HD16O molecular line locking systems.

4. Conclusions

In this work, we demonstrate the viability of the 321(101) ← 312 

Fig. 4. Air pressure-shifts and pressure-broadening widths of two different HD16O transitions at 1549.86 nm (upper panel) and 1551.60 nm (lower panel) measured 
with wm-CEAS.

Fig. 5. Frequency drift of the stabilized-laser at 1550 nm. Allan deviations are shown in the bottom panel.
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(000) ro-vibrational transition of HD16O at 1549.86 nm as a competitive 
frequency reference at 1550 nm. The absolute frequency of this transi
tion was determined as 193,431,476,145.8(12) kHz with the comb- 
locked wavelength-modulated cavity-enhanced saturated absorption 
spectroscopy. Its low-pressure susceptibility to self- and air-induced 
shifts [1.21(29) kHz/Pa and 0.518(40) kHz/Pa, respectively] un
derscores it as a frequency reference for 1550 nm laser stabilization in 
practical environments.

By frequency-locking an ECDL laser to this transition, we developed 
a compact frequency-stabilized laser system. Long-term stability char
acterization revealed <20 kHz frequency drift over 10-hour observation 
periods, demonstrating its potential for high-precision metrological 
applications.
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