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ABSTRACT

We propose and experimentally demonstrate a spectroscopic method, named full differential spectroscopy, that uses a sin-
gle laser beam in retroreflected configuration to manipulate atomic dark states in a vapor cell. Conventional Doppler-free
spectroscopy often relies on complex setups or limits from Doppler-broaden background. Here we show that by selectively
coupling or decoupling the probe’s polarization components with the pump-induced dark state, we can simultaneously obtain
both Doppler-free electromagnetically induced transparency and absorption. A differential signal, with enhanced Doppler-free
amplitude and highly suppressed background and noise, is thus obtained. We systematically characterize how polarization
angle and light power affect the resonance and noise properties. Using this approach, we stabilized a laser to a rubidium
vapor cell, achieving a fractional frequency stability of 1.2 x 10713 at 1 s. These results demonstrate a simple, robust route to
high-performance optical frequency references and may also benefit quantum sensing or high-resolution spectroscopy.

Introduction

Atomic spectroscopy is the cornerstone of precision measurement science, underpinning advancements in fundamental physics',
quantum technologies” and metrology>~. Among diverse techniques, saturated absorption spectroscopy (SAS)® stands as a
pivotal method for overcoming Doppler broadening, essential for applications such as laser frequency stabilization’"'? and op-
tical frequency references'3~!3. Despite its widespread adoption, SAS suffers from a fundamental limitation: the Doppler-free
resonance rides atop a substantial Doppler-broadened background, significantly degrading the signal contrast and limiting the
signal-to-noise ratio (SNR).

To mitigate this constraint, differential saturated absorption spectroscopy (DSAS) was developed'®!8. By employing a
reference beam to subtract the Doppler background and reject common-mode noise!?, such as laser amplitude modulation
(AM) noise?’, DSAS enhances SNR and signal fidelity. However, this approach introduces optical complexity and susceptibil-
ity to beam splitter ratio instabilities, as well as spatial nonuniformity of beams within the atomic medium due to wall effects
and nonideal cell windows”!. These inherent limitations constrain the ultimate achievable SNR and complicate the system
integration, particularly for field-deployable or chip-scale atomic devices®?.

Single-beam differential methodologies like polarization spectroscopy (PS and Faraday rotation spectroscopy (FRS
have garnered substantial interest. These techniques circumvent the need for reference beams by exploiting pump-induced
birefringence, generating antisymmetric (typically dispersive) signals through the differential detection of orthogonal probe
polarization, inherently suppressing common-mode noise without active modulation. While elegant, these methods often ne-
cessitate auxiliary elements (e.g., static magnetic fields for FRS) and precise polarization control for PS?°, adding layers of
complexity and potential noise sources. Improved schemes have also been proposed to obtain Lorentz-type signals through
single-beam differential detection by polarization-induced incoherent population pumping>°.

Inspired by the coherent control in bichromatic systems, particularly constructive/destructive manipulation of coherent
population trapping (CPT) resonances’ -2, we present here a monochromatic light spectroscopic approach based on the co-
herent manipulation of atomic dark states. Unlike previous works>>3* that reported electromagnetically induced transparency
(EIT) and absorption (EIA) under different polarization configurations, our method uses a single monochromatic laser beam to
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concurrently generate phase-correlated, Lorentzian-shaped EIT and EIA signals, subsequently subtracted to provide a Doppler-
free signal with enhanced SNR. Here, the innovation lies on the controlled coupling/decoupling between the pump-generated
dark state and orthogonal polarization components of the counter-propagating probe beam. While a single beam is used, this
coherent interference induces the simultaneous emergence of Doppler-free Lorentzian EIT and EIA resonances in phase oppo-
sition, enabling direct generation, via differential detection, of a high-contrast zero-background differential (DIF) signal. We
term this approach full differential spectroscopy (FDS).

Compared with SAS and DSAS, the FDS approach offers enhanced SNR through common-mode noise rejection in a
simple single-beam retroreflected configuration. Relative to PS and FRS, FDS eliminates the need for precise polarization
control® or external magnetic fields, while achieving a comparable or better short-term frequency stability. In contrast to
bichromatic CPT-based differential schemes or dual-frequency sub-Doppler spectroscopy (DFSDS)*>3%, FDS uses a single
monochromatic light source, significantly reducing the system complexity. These comparisons highlight the interest of FDS
for the development of a simple-architecture and high-stability vapor-cell optical frequency reference.

This manuscript details theoretical and experimental investigation of FDS using the 3’Rb D; line, rigorously characterizing
spectral signatures (contrast, amplitude, linewidth) and noise performance versus relative polarization angle (0) and laser
power (P). Experimental tests confirm fourfold AM noise suppression and tenfold SNR enhancement compared to traditional
SAS. Using FDS, we demonstrate, for a single laser, a fractional frequency stability of 1.2 x 10713 at 1 s, in good agreement
with phase noise measurement. These results demonstrate the potential of the FDS approach for the development of high-
stability vapor cell optical frequency standards. Beyond frequency control, the FDS method can explore quantum coherent
phenomena, contribute to the development of quantum sensors such as magnetometers®>’ = or gyroscopes***?, and advance
dynamic control in light-matter interactions*>~4>.

Methods

Interaction between light and simplified five-level system

Figure 1. Simplified five-level atomic system and polarization geometry. (a) Simplified five-level atomic system under
study, interacting with counter-propagating light beams. x- and y-axis components of the probe beam are distinguished. (b)
Polarization geometry. Representation of the angle between the optical axis of the half-wave plate and x-axis, to balance the
x and y direction backgrounds.

Figure 1(a) shows the atom-light interaction system under study. The ground state involved is ‘5251 2. F = 2> of ¥7Rb.
The analysis is performed using a simplified five-level atomic system interacting with monochromatic light composed of
counterpropagating pump and probe beams, both linearly polarized and originating from the same laser source. The pump
polarization aligns with the x-axis, while the probe polarization forms an angle 0 relative to the x-axis (Fig. 1(b)). Their
electric fields are denoted as Ep, and E,;, respectively. The probe field can be decomposed into components Epy and Epry
along the x- and y-axes, respectively.

Considering the case I, < Iy, (with I, the pump intensity and I, the saturation intensity), three competing processes
typically arise in the atom-light interaction: (i) Saturation effects, where strong field will gradually deplete the population of
the ground state energy levels; (ii) Hyperfine population transfer, where atoms are optically pumped from an initial ground
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Figure 2. Model-predicted FDS resonance. (a) Calculated EIT (black), EIA (red) and DIF (blue) signals at 6 = —45°.
Contrast (b) and linewidth Av (c) of the sub-Doppler resonance versus the relative polarization angle 6, for a laser power
P, =0.00321,,. Contrast (d) and linewidth (e) versus laser power P, at 0 = —35°.

hyperfine level F to an excited state F’ and subsequently decay via spontaneous emission into a different ground hyperfine
level (e.g., F-1) thereby redistributing populations among the hyperfine ground states; (iii) Zeeman coherence and population
redistribution, i.e., optical pumping process that both redistribute populations among ground-state magnetic sub-levels and
establish coherent superposition between them. In the case of low pump intensity, Zeeman coherence and population redis-
tribution prevails over both saturation and hyperfine repopulation. Thus, atom-light interaction involves two main processes.
First, at null magnetic field, the linearly polarized pump beam, traveling along the quantization axis, can pump atoms into a
state superposition of Zeeman sub-levels characterized by their magnetic number mp. In such a superposition, the differences
Amp between the participating sub-levels are even (i.e., Amr = 0,%2,...). These dark states are uncoupled from light (light
absorption decrease). In other words, pump beam components (6", ¢™) interact with ground-state Zeeman sub-levels, form-
ing a dark state. Second, probe components (||, L to pump polarization) decouple/couple with this dark state respectively,
generating common dark and bright states. Simultaneous constructive and destructive interference produces EIT and EIA
upon detection of the probe’s orthogonal polarization components.

The model used in this work shares the same theoretical framework as the one reported in Ref’”. However, in Re
only numerical solutions for the y-polarized enhanced signal were reported, preventing the prediction of the quantitative
evolution of the resonance. In the present work, the analysis is significantly extended by providing analytical steady-state
solutions for both the x- and y-polarization components of the probe field. This enables systematic predictions of the resonance
characteristics (contrast, linewidth) versus key experimental parameters (polarization angle and laser power) and allows direct
comparison with experimental results, a capability absent in Ref3. Details are reported in Supplementary Note 1. The latter
reports the complete density-matrix derivation, including the explicit Hamiltonian, the Lindblad master equation, the steady-
state analytical solutions for the atomic coherence, the velocity-averaged susceptibilities y+ and )_ , and the derivation of I,
and Iy;, defined as the x- and y-direction components of the probe transmission after its interaction with the atomic medium.
The background levels of I, and I, are intrinsically unequal, proportional to Iocos?0 and Iysin®6, where I is the intensity of
the incident probe beam. To achieve zero-background DIF signals, the polarization of the transmitted probe beam is rotated to
exactly 45° using a half-wave plate. The corresponding intensities detected in the x- and y-directions (I, /) are then expressed

by the Jones matrix*®:

f33 f33

L cos@* — sin@? 2sin@cosQ Ly
I| — | 2singcose  sing® —cos@?| |l
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where ¢ is the angle between the half-wave plate’s optical axis and the x-axis, as shown in Fig. 1b, given by ¢ = (45°+0)/2.
The balanced detector signals then become:

Iy = ((cos® —sin0) /Iy + (cosB +sin 0) \/137)2/2
I, = ((0059 +5in0) /Iy — (cos® —sinH) \/1;)2/2

Theoretically obtained EIT and EIA signals are shown in Fig. 2(a). These signals share identical Doppler-broadened
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backgrounds while exhibiting Doppler-free resonances in anti-phase. Their subtraction yields the Doppler-free differential
(DIF) signal with doubled amplitude. Figure 2(b) shows the polarization-angle dependence of the sub-Doppler resonance
contrast for both transmission signals (I, ;) and the differential signal (Iy —1,). Signal (S) amplitude is defined as the
difference between the background (B) and either the absorption (A) valley or peak (S = B — A), while the contrast (C) is the
ratio of the resonance amplitude to the background (C = S/B). Here, positive (negative) values of S or C indicate EIA (EIT).
For the DIF signal, the background is the mean of the EIT and EIA backgrounds.

Figure 2(b) reveals that the transmitted signal /, exhibits EIT from —12° to 75° and EIA elsewhere, while /, is EIT from
—75° to 12° and EIA elsewhere. This phenomenon can be explained as follows: when pump and probe polarization are
parallel, constructive interference between their dark states produces enhanced transmission. Conversely, perpendicular polar-
ization induces destructive interference of dark states, yielding enhanced absorption. Competition between these mechanisms
governs the intermediate-angle behavior. We note, as in Ref33, that the maximum contrast does not occur at 6 = 45° due to su-
perposition with saturation effects. The dependence of the calculated linewidth of the EIT, EIA and DIF signals on the relative
polarization angle 0 is shown in Fig. 2(c). Within the angular range of approximately 10° < |6| < 75°, the predicted linewidth
of the DIF signal lies between those of the EIT and EIA signals. It is consistent with experimental data reported in Fig. 5(c).
The calculated contrast and linewidth of EIT, EIA and DIF signals is displayed versus the laser power Py, (at 6 = —35°) on
Figs. 2(d) and 2(e). The contrast increases rapidly at low powers and saturates at high powers, while the linewidth exhibits
clear power broadening. These theoretical predictions serve as the basis for experimental characterizations presented in Fig. 5.
The good qualitative agreement between theory and experiment validates the underlying physical model.

Experimental setup

Signal generator

2 }\’/2 -» - \
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Figure 3. Schematic of the FDS-based vapor cell optical frequency reference. DBR: distributed Bragg reflector laser, A/2:
half-wave plate, ISO: isolator, BS: beam splitter, A/4: quarter-wave plate, M: mirror, PBS: polarizing beam splitter, PD:
photodiode, BD: balanced detector, LPF: low pass filter.

Full differential spectroscopy is implemented using the experimental setup depicted in Fig. 3. A distributed Bragg reflector
laser (Photodigm, PH795DBR) pumps the Rb cell with a 1.5 mm collimated beam. The laser’s intrinsic linewidth is narrowed
to ~30 kHz through injection locking to a Fabry-Pérot (FP) cavity*’, and its frequency is tuned to the 8’Rb D line by adjusting
both the current and FP cavity length. A 30 dB optical isolator (ISO, Thorlabs, I0-5-780-VLP) is placed in the beam path to
prevent optical feedback. The laser power Py, at the cell input is controlled using a half-wave plate followed by a polarization
beam splitter (PBS). After passing through a beam splitter (BS), the transmitted beam propagates through an isotope-enriched
87Rb cylindrical vapor cell (diameter 20 mm, length 50 mm). The cell temperature is maintained at approximately 30 °C,
and is surrounded by a single layer of permalloy magnetic shielding to attenuate stray magnetic fields. Using a fluxgate
magnetometer, the residual magnetic field inside the permalloy shield was measured to be lower than 0.3 uT.

Following interaction with the atomic vapor, the pump beam is reflected by a mirror, converted into a counter-propagating
probe beam that overlaps spatially with the pump beam. To investigate probe beam polarization effects, a quarter-wave plate
is inserted between the mirror and the vapor cell. This plate is mounted on a motorized rotation stage (Thorlabs, KPRM1E/M)
for precise adjustment of the polarization angle 6. The transmitted probe beam is then spatially separated by the initial BS.
To enhance the signal extraction from the reflected probe beam, the BS with a 10:90 (T: R) splitting ratio is employed. After
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Figure 4. Experimentally measured FDS spectra. (a) Typical spectral signals in the D line of 3’Rb at P, = 50 uW and
0 = —35°. 2, 1" and 2’ stand for |F = 2), |F' = 1), |F’ = 2), respectively. (b) Zoom of the FDS-based Doppler-free
resonance (|F = 2) — |F’ = 1) transition) for three values of the angle 8: —5°, —35°, and —70°.

spatial separation, the probe beam passes through another PBS, where its orthogonal polarization components are detected by a
balanced photodetector (BPD, Thorlabs, PDB210A/M). A half-wave plate placed before this PBS balances these components,
enabling EIT and EIA signal acquisition with the same background.

Results

Spectral characterization

Full differential spectroscopy results are presented in Fig. 4, showing the EIT, EIA, and DIF signals obtained by scanning
the laser frequency detuning. The two peaks in Fig. 4(a) correspond to the resonance transitions of |F =2) — |F' = 1) and
|F =2) — |[F' =2) of the Rb D line, with the intermediate peak representing the crossover resonance. Both EIT and
EIA signals exhibit identical Doppler backgrounds, which are nearly eliminated through differentiation. This observation
confirms the validity of the theoretical model and analysis presented in Fig. 2(a). Figure 4(b) displays the spectra for the
|F =2) — |F’ = 1) transition at three specific angles. At —5° and —70°, the observed spectra are similar to those obtained
from conventional DSAS. In these cases, one detection port exhibits either an EIT or EIA signal, while the other port shows
only Doppler-broadened background but no or weak Doppler-free signal, enabling common-mode noise rejection via differen-
tial detection®®. In contrast, at the intermediate angle of —35°, the proposed FDS scheme simultaneously yields both EIT and
EIA signals. This yields more effective common-mode noise suppression than conventional DSAS and doubled signal ampli-
tude. Specifically, the measured signal amplitudes are —28.3 mV for EIT and 29.1 mV for EIA, corresponding to contrasts
of —25.4% and 26.2%, respectively. Notably, the DIF signal reaches 57.4 mV, yielding a contrast of 51.7%, nearly twice the
contrast observed for either individual EIT or EIA signal.

Features of the spectroscopic signal versus polarization angle

The figure of merit M = S/Av, with Av the linewidth of the resonance, determines the short-term stability (oy at 1 s) of the
frequency reference. Figures 5(a)-5(d) show the measured contrast, amplitude, linewidth, and M for the PD1, PD2, and DIF
signals versus the polarization angle 6. Figure 5(a) shows that the contrast variation with 6 closely aligns with theoretical
predictions (see Fig. 2(b)). Slight discrepancies in absolute values between experimental and simulation data likely arise from
model simplifications and optical component imperfections. Quantitatively, for the DIF signal, the absolute deviation between
the theoretical and experimental contrast ranges from approximately 0.2 to 3.3 percentage points across the investigated
polarization angle range. This level of agreement is excellent and validates the five-level model for the parameter regime
investigated in this work. Figure 5(b) illustrates the dependence of the resonance amplitude on the polarization angle. Since
the background becomes insensitive to the polarization angle after balancing the background using the half-wave plate, the
dependence of the amplitude on the angle is similar to that of the contrast.

Figure 5(c) shows the evolution of the resonance linewidth Av with 6. The measured linewidth data follows the same
trends as theoretical predictions from Fig. 2(c). Over the angular range of approximately 5° < |6] < 70°, the DIF linewidth
consistently lies between those of the EIT and EIA signals, as predicted with the model (see Fig. 2(c)). Near the extreme angles
(5° and 70°), the theoretical model predicts sharper variations than observed experimentally. This deviation is not surprising.
Indeed, in these regimes, the signal amplitude approaches zero and the resonance switches between EIT and EIA, making both
the theoretical model (which relies on simplified decoherence parameters) and the experimental linewidth extraction (which
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Figure 5. Spectral characterization of the FDS-based Doppler-free resonance versus polarization angle and laser power.
(a-d) Contrast, amplitude, linewidth, and figure of merit versus polarization angle at P, = 50 uW. (e-h) These spectral
characterization versus laser power at 8 = —35°.

becomes sensitive to noise and baseline fluctuations) less reliable. A numerical difference is observed between the calculated
and measured linewidths throughout the measured range, which we attribute to the estimated rather than precisely calibrated
values of the transit-time broadening y; and the Zeeman coherence relaxation rate 7 in the analytical model. The dependence
of M on the polarization angle 6 is shown in Fig. 5(d). Despite linewidth discontinuities near |6| = 5° and 70°, M reaches its
maximum around |6| = 35°. This angle was consequently selected for subsequent experiments unless otherwise specified.

Features of the spectroscopic signal versus laser power

We have also measured the features of the EIT, EIA, and DIF signals versus the incident laser power (Fig. 5(e)-5(h)). Fig-
ure 5(e) shows that the contrast of those signals increases rapidly below 50 uW before gradually decreasing at higher powers
due to population leakage. This occurs because optical pumping between hyperfine levels gradually dominates over Zeeman-
level pumping at elevated powers. Notably, the DIF signal achieves approximately twice the maximum contrast of individual
EIT or EIA signals. The different power requirements for maximum contrast in EIT and EIA likely stem from distinct ab-
sorption mechanisms such as saturation. Figure 5(f) shows that the amplitude of EIT, EIA and DIF signals increases as the
power increases. Figure 5(g) shows that linewidths exhibit power broadening. The DIF signal broadening lies between that
of EIT and EIA throughout the measured range. Both experimental and theoretical linewidths (see Fig. 2(e)) show the same
power-broadening trend, confirming again that the model correctly captures the underlying physics. Figure 5(h) demonstrates
a significant enhancement of M at low powers due to the signal amplitude increasing more rapidly than the linewidth. However,
it gradually saturates with increased laser power.

Features of the spectroscopic signal versus cell temperature and magnetic field

We have also measured the dependence of the sub-Doppler resonance features on the cell temperature and the static magnetic
field. Corresponding results are reported and briefly discussed in Supplementary Note 2.
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Figure 6. Low-power FDS signals and corresponding noise spectra. (a) EIT, EIA and DIF signals obtained at low power
(the EIA signal is vertically offset for clarity). (b) Voltage noise spectra obtained for the signals shown in (a). The instrument
noise floor is also shown for reference. Experimental parameters for both panels: P, =5 uW, 8 = —45 °.

Noise characterization

The primary advantage of FDS lies in the enhancement of the SNR. Key noise sources of the system include frequency
modulation to amplitude modulation (FM-AM), amplitude modulation to amplitude modulation (AM-AM), intermodulation
noise*”, shot noise and PD noise. Figure 6(a) shows the spectral signals at P, = 5 uW. At this very low power, the SNR of
the signals detected at PD1 and PD2 outputs is very low. In contrast, the differential detection provides a resonance with a
significantly enhanced SNR.

We quantitatively evaluate noise suppression using a dynamic signal analyzer (Stanford Research, SR785) to measure
power spectral densities of each PD signal. Measurements are taken with the laser frequency tuned to the half-maximum
of the Doppler-free resonance. With L =5 uW and 6 = —45° (Fig. 6(b)), the differential scheme exhibits significantly
suppressed noise. In these conditions, EIT and EIA signals show a detection noise of 1.8 x 1077 V/v/Hz at 100 kHz Fourier
frequency, while the DIF signal shows a noise of 1.3 x 1078 V/v/Hz, i.e., more than tenfold reduction.

Noise suppression versus polarization

In cell-stabilized laser experiments, error signals for frequency locking are typically obtained via synchronous modulation-
demodulation techniques, the applied modulation frequency being usually in the 10 kHz - 1 MHz range, where the detection
noise and the contribution of the intermodulation effect*® to the atomic reference frequency stability are reduced®. Therefore,
to characterize noise suppression versus polarization angle, we analyzed the voltage noise of each PD signal at 100 kHz
(bandwidth of SR785) Fourier frequency (Fig. 7(a)). Across all polarization angles, PD1 and PD2 noise vary little while the
DIF noise is about 4 times smaller.

Figure 7(b) depicts the SNR dependence on the polarization angle 8. EIT and EIA maintain stable SNR > 107 except at
|8] ~ 5° or 70° where the sign of the Doppler-free signal (S) is reversed. The FDS scheme achieves optimal SNR = 10° at
6 = —35°, representing a tenfold improvement over conventional SAS (red —70° or black —5°), and a twofold enhancement
versus single-beam DSAS (blue —70°).

Noise suppression versus laser power

We similarly examined laser power effects on the voltage noise of each PD signal at ~ 100 kHz (Fig. 7(c)). PD1 and PD2
noise initially grow slowly with increasing power, whereas DIF noise demonstrates a pronounced initial rise. All three signals
subsequently follow similar growth trends. Below 50 uW, DIF signals demonstrate superior noise suppression, though this
advantage diminishes at higher powers. Figure 7(d) shows the SNR versus the pump power. DIF signals achieve significantly
enhanced SNR compared to PD1/PD2, exceeding a tenfold improvement below 50 uW.

According to the noise model and analysis in Ref®!, the noise corresponding to PD1, PD2 and DIF signals can be expressed
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Figure 7. Voltage noise and SNR versus polarization angle and laser power. (a) Voltage noise at f = 100 kHz versus 6 at
Pr, =50 uW. (b) SNR versus 0 under the same conditions. (c) Voltage noise versus laser power at 6 = —35°. (d) SNR versus
laser power. Error bars in (a), where visible, represent the standard deviation of the mean from n=3 repeated measurements.

as follows:
1/2
Ny = (NAM12+NP12+NSN2) /

1/2
Ny = (NAMz2 + Npy? +NSN2) / 3
1/2
Npir = ((1— a)* (Nam1® + Nam2?) + Nps® + 2Nsy?) /

where Nyjps and Ngypo represent the AM-AM noise from EIT and EIA signals, respectively, which are power-dependent. FM-
AM noise is ignored. Np;(i =1, 2, 3) is the measured detector noise of the three ports (PD1, PD2, DIF) without incident
light, which are 1.79 x 10~/ V/\/}E, 1.79 x 1077 V/\/E, and 7.84 x 107 V/\/}ﬂ, respectively. Nsy is the shot noise,
that is v/2eIGg, where e is the electron charge, I the photocurrent, and Gy the transimpedance gain. « is a free parameter
representing the noise rejection ratio.

Theoretical expectation (solid blue line, Fig. 7(c)) with a = 0.35 indicates 35% AM-AM noise suppression via FDS. To
understand the behavior of the SNR versus the pump beam power, the SNR can be simply written as S/(Napy; + Np;). At low
power, minimal resonance amplitudes reduce the AM-AM noise contribution, making the detector noise dominant. Here, the
DIF signal primarily enhances SNR by suppressing Np;. As the power increases, N4y gradually exceeds Np;, making AM-AM
noise suppression the dominant advantage. This benefit diminishes at higher powers due to an increase in non-common-mode
noise (e.g., FM-AM and shot noise).

Short-term stability of the optical frequency reference

The beatnote signal from two quasi-identical systems is measured for Allan deviation analysis. Each system uses a DBR
laser which can be pre-stabilized through injection locking to a FP cavity. The resulting frequency stability of a single laser
system, obtained by dividing the Allan deviation of the beatnote by /2, is reported in Fig. 8 for three different configurations
(free-running, injection-locked to the FP-cavity but not locked to the atoms, pre-stabilized to the FP-cavity + locked to the
atoms using FDS, i.e. dual-locked).

In the free-running regime, the laser stability is 1.4 x 10~ at 1 s and then degrades, reaching 10~ at 100 s. With injection
locking to the FP cavity, the laser stability is improved at the level of 1.4 x 1071 at I s and 7 x 10~ at 100 s. By stabilizing the
laser both to the FP cavity and to the atomic cell using the FDS scheme, the laser stability is significantly improved by about 3
orders of magnitude, yielding a level of 1.2 x 10713 at 1 s, and remaining below the 10~'2 level up to 1000 s. This measured
short-term stability at 1 s, one order of magnitude better than the one reported in our previous work??, is in agreement with
the predicted stability (1.3 x 10~!3) extracted from the laser phase noise spectra reported in Supplementary Note 3.

Supplementary Table 1 summarizes the contributions of the main noise sources to the optical reference short-term stability
budget. It shows that the main contribution to the cell-stabilized laser stability at 1 s is the laser FM-AM noise process, at the
level of 4.9 x 10~ !4, followed by the photon shot noise (3.8 x 10~!#4). This budget suggests that an improved stability result
might be obtained using a laser with lower frequency noise.
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Figure 8. Allan deviation of a single laser under three conditions. Free-running, injection-locked to the FP cavity, and
injection-locked to the FP cavity + FDS-based stabilization to the Rb cell ("Dual-locked"). Experimental parameters are: P,
=50 uW, 6 = —35 °. The contribution of laser power fluctuations on the short-term stability is shown for information. Error
bars represent the standard deviation of the mean from n frequency samples at each integration time 7. For 7 = 1 s, the
number of samples n=2000.

For integration times higher than 10 s, the stability of the FDS-stabilized laser might be limited by several environmen-
tal factors, such as laser power fluctuations (which induce AC Stark shifts), cell temperature and magnetic field variations,
temperature variations of optical components (the waveplates, beam splitters, etc), or the photocurrent imbalance drift in the
balanced detector. As shown in Fig. 8, laser power fluctuations are evaluated to date as a major limiting factor to the reference
stability after a few tens of seconds. Future studies will aim to evaluate these respective contributions and to implement tech-
niques for their mitigation, including active laser power stabilization, improved temperature control of the optical components,
or implementation of auto-balancing detection schemes®' .

Conclusion

This study reports full differential spectroscopy (FDS) in a vapor cell. This method, through the manipulation of coherent
dark states using monochromatic light and a single beam configuration, enables the simultaneous detection of EIT and EIA
resonances superimposed on the same Doppler-broadened background. Via differential detection, a spectroscopic signal
with doubled resonance amplitude and reduced background and noise is obtained. We characterize in detail the impact of
the relative polarization angle (between the two counterpropagating beams) and the laser power on the amplitude, contrast,
linewidth and noise of the FDS-based Doppler-free resonance. We demonstrate a DBR laser, pre-stabilized to a Fabry-Pérot
cavity through injection locking (for intrinsic FM noise reduction), locked to a Rb vapor cell using FDS with a fractional
frequency stability of 1.2 x 10713 at 1 s and below 10! at 1000 s. The short-term stability at 1 s, that remains limited by the
laser FM-AM conversion process, demonstrates the potential of the FDS approach for the development of simple-architecture
and high-stability vapor cell optical frequency references. The FDS technique may also be attractive for coherent atom-light
manipulation experiments, quantum sensors and high-resolution spectroscopy.
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