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Precision atomic and quantum experiments rely on ultra-stable narrow linewidth lasers constructed using table-
top ultra-low expansion reference cavities. These experiments often require multiple lasers, operating at different
wavelengths, to perform key steps used in state preparation and measurement required in quantum sensing and
computing. This is traditionally achieved by disciplining a cavity-stabilized laser to a key atomic transition and
then transferring the transition linewidth and stability to other lasers using the same reference cavity in combi-
nation with bulk-optic frequency shifting such as acousto-optic modulators. Transitioning such capabilities to a
future potentially low-cost photonic-integrated platform will enable a wide range of portable, low power, scalable
quantum experiments and applications. Yet, today’s bulk optic approaches pose challenges related to lack of cavity
tunability, large free spectral range, and limited photonic integration potential. Here, we address these challenges
with demonstration of an agile photonic-integrated 780�nm ultra-high-Q tunable silicon nitride reference cavity
that performs multiple critical experimental steps including laser linewidth narrowing, high resolution rubidium
spectroscopy, dual-stage stabilization to a rubidium transition, and stability transfer to other lasers. We achieve
up to 20�dB of frequency noise reduction at 10�kHz offset, precision spectroscopy over a 250�MHz range, and dual-
stage locking to rubidium with an Allan deviation of 8.5 × 10−12 at 1�s and up to 40�dB frequency noise reduction at
100�Hz frequency offset. We further use the rubidium-disciplined cavity to provide atomic-referenced frequency
stability to a second laser and demonstrate multi-wavelength Rydberg electrometry quantum sensing. These results
pave the path for integrated, compact, and scalable solutions for quantum sensing, computing, and other atomic
and trapped ion applications.
© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION
Atomically disciplined lasers are critical for next-generation
precision applications including quantum sensing [1], quantum
computing [2,3], navigation [4], and timekeeping [5]. These
applications require lasers with low frequency noise and sta-
bilization to an atomic energy transition. The disciplining of
lasers to an atom or trapped-ion enables applications such as
optical atomic clocks [6], high-fidelity neutral atom sensors
and computers [2,3] or trapped-ion qubits [7], and key sup-
porting functions such as atomic spectroscopy [8] and qubit
state preparation and measurement (SPAM) [7]. In particular,
quantum applications such as Rydberg electrometry [9–11] re-
quire the simultaneous stabilization of multiple laser frequencies
to atomic transitions or relative to a main transition. This is

achieved by Pound–Drever–Hall (PDH) locking each laser to
one or more low-drift ultra-low expansion (ULE), high-finesse
bulk-optic reference cavities [12], by using atomic spectroscopy
in combination with a tunable or scanning cavity as a trans-
fer cavity [13], or by using a fiber frequency comb system. In
the latter approach, the transfer cavity is locked to an atom-
referenced laser, and the resulting stability is transferred to
additional lasers locked to the nearest cavity resonances. Tun-
able high-finesse transfer cavities (THFTCs) have also been
demonstrated for linewidth narrowing, including stabilization
of 780�nm and 960�nm lasers for single-atom coherent Ryd-
berg excitations ( 10�kHz integral linewidths, 22�kHz long-term
drift) [14]. Related work has demonstrated piezoelectrically tun-
able ultra-stable optical cavities capable of 120�kHz modulation
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Fig. 1. Overview of the photonic-integrated ultra-high-Q (UHQ) resonator reference cavity and its application to atomic laser stabilization
and multi-laser transfer cavity locking. (a) A 780 laser is Pound–Drever–Hall (PDH) locked to the integrated resonator, reducing its frequency
noise to the cavity thermo-refractive noise limit (TRN) and causing the laser to closely track the resonator. (b) The same PIC resonator is
thermally tuned causing the laser to scan across the rubidium D2 absorption spectrum. (c) Once aligned, feedback from the Rb spectroscopy
signal is applied to the thermal tuner, implementing dual-stage locking. This disciplines the resonator frequency to the absolute atomic ref-
erence, improving long-term frequency stability as illustrated by the reduced Allan deviation (ADEV). (d) The stabilized resonator acts as a
transfer cavity to lock multiple lasers, transferring the atomic stability to the second laser. This enables precise alignment of excitation lasers
used in rubidium Rydberg electrometry, where a separate rubidium cell is used to detect RF signals via the measured Autler–Townes splitting
(Δ𝑅𝐹).

and fractional frequency stability approaching 10−14, enabling
transfer-cavity stabilization with extremely low drift [15]. With
ULE cavities, given the large FSR, frequency shifting is em-
ployed to fill the frequency gap between the available cavity
modes and the desired atomic transitions using an electro-optic
modulator (EOM) or an acousto-optic modulator (AOM) and
offset sideband [16] or offset beat-note locking [17]. Tuning of
the cavity reduces the need for bulk frequency shifters; how-
ever, table-top ULE reference cavities are not always tunable and
do not lend easily to integration. The tunability of the reference
cavity is therefore a key feature of this locking technique.

Recent advances in miniaturization of high quality factor (Q),
high finesse reference cavities across multiple platforms [18–25]
have provided progress toward these goals. Centimeter-scale mi-
crocavities [25] demonstrate short-term stability on the order
of 10−13 at 1�second, yet have limited tunability and slow tun-
ing speeds on the order of minutes as well as large FSRs over
10�GHz. Compact crystalline whispering gallery mode (WGM)
resonators have demonstrated self-injection locking for strong
short-term laser frequency stabilization and, when combined
with piezoelectric actuation, two-stage rubidium spectroscopy
locking for long-term stability at the 10−12 level [18,19]. Simul-
taneous stabilization of two lasers at diverse wavelengths has
also been demonstrated [26,27]. While these approaches achieve
excellent performance, their integration and scalability remain
limited, relying on discrete micro-optics packaging and special-
ized crystalline fabrication. An important approach is the CMOS
fabrication-compatible integrated low loss silicon nitride plat-
form to fabricate coil and spiral resonators [23,28]. These res-
onators have significantly lower FSR owing to their meter-scale
cavity lengths [23] and can be dynamically tuned using on-chip
stress-optic [29–31] and thermal [32] actuators. However, such
integrated tunable cavities have not yet been demonstrated for
atomic spectroscopy, multi-wavelength atomic transfer cavity
locking, or for stability transfer in quantum applications.

Here, we report a photonic-integrated approach to perform
key steps used in the preparation and measurement of atomic

states in quantum experiments. We demonstrate a tunable, inte-
grated ultra-high-quality (UHQ) factor silicon nitride resonator
cavity that simultaneously performs laser linewidth narrowing
and frequency noise reduction, rubidium atomic spectroscopy,
dual-stage laser locking to the rubidium 𝐷2 transition, and func-
tions as a multi-laser transfer cavity lock for a Rydberg RF
electrometry demonstration. The cavity is a silicon nitride ring
resonator with a Q factor of 130 million, finesse 982, and a ther-
mal actuator that can continuously tune the resonance with an
efficiency of 19�MHz/mW. We stabilize a 780�nm semiconduc-
tor laser via PDH locking to the integrated cavity and perform
spectroscopy by actuating the thermal tuner and sweeping the
linewidth narrowed 780�nm laser over the full rubidium hy-
perfine transition range. We then simultaneously stabilize the
laser and integrated cavity to the rubidium 𝐷2 line using a dual
stage PDH lock, achieving up to 4 orders magnitude close-to-
carrier frequency noise reduction, reduction of the laser integral
linewidth from 5�MHz to 326�kHz, and measure stabilization of
8.5 × 10−12 at 1�second—a two order of magnitude improve-
ment compared to the 9 × 10−10 at 1�second by locking to the
cavity only. Lastly, we use the transfer cavity locked to the ru-
bidium 𝐷2 transition to stabilize a 776�nm laser and demonstrate
multi-wavelength Rydberg RF sensing. These results highlight
the potential of photonic integrated tunable reference cavities
to drive compact, scalable, and precise atomic and quantum
systems.

2. RESONATOR FOR LASER LOCKING AND
ATOMIC STABILIZATION
The working principle and functional stages are shown in Fig. 1.
A commercial single-frequency 780�nm laser (Photodigm DBR)
is Pound–Drever–Hall (PDH) locked to the cavity resonance
for linewidth narrowing and frequency noise reduction, form-
ing the first locking stage (Fig. 1(a)). Thermal tuning of the
cavity enables frequency control of the locked laser (Fig. 1(b))
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Fig. 2. Tunable integrated reference cavity characterization. (a) Intrinsic (𝑄𝑖) and loaded (𝑄𝐿) Q measurements for wavelengths near the
rubidium 780�nm transition and transmission trace and fitting for a resonance at 780�nm achieving a loss 𝛼 of 0.44�dB/m, total linewidth Δ𝜈
of 5.6�MHz, and finesse Fof 982. The frequency detuning is calibrated with an unbalanced Mach–Zehnder interferometer (MZI, blue trace).
(b) Static tuning of the thermal actuator shows a high extinction ratio across the measured >400�MHz tuning range. Linear fit to extract the
19�MHz/mW thermal tuning coefficient of the resonance shift Δ𝑓res.

and scanning the cavity allows for locating the rubidium spec-
troscopy peaks. In the second locking stage (Fig. 1(c)), the
signal from the spectroscopy is fed back to the cavity tuner, sta-
bilizing the PIC-locked laser to a hyperfine atomic transition and
reducing the Allan deviation (ADEV) at longer averaging times.
Lastly, the atom-stabilized resonator is used as a transfer cavity
to lock multiple lasers to other cavity resonances, thereby trans-
ferring the stability from the reference laser to other lasers. In
our work, this enables frequency stabilization of both 780�nm
and 776�nm lasers for rubidium Rydberg electrometry, where the
Autler–Townes splitting is used to detect radiofrequency (RF)
electric fields as a quantum sensor.

A. Resonator Characterization
The integrated cavity consists of a fiber pigtailed, ultra-high-Q
SiN ring resonator with a thermal tuner, fabricated on a 200�mm
wafer from a CMOS foundry [33]. We characterize the res-
onator quality factor and tuning in Fig. 2. The resonator intrinsic
𝑄𝑖 = 130�M and loaded 𝑄𝐿 = 69�M for the TM0 mode are
measured using an unbalanced Mach–Zehnder interferometer
(MZI) [24,34] resulting in a linewidth of 5.6�MHz and a loss of
0.44�dB/m (Fig. 2(a)). The ring resonator radius is 5.84�mm cor-
responding to a 5.5�GHz free-spectral range (FSR) and a finesse
F = 982. We measure the relative resonance shift as a function of
power applied to the thermal tuner as shown in Fig. 2(b) yielding
a linear tuning coefficient of 19�MHz/mW. The measured tuning
range of over 400�MHz is sufficient to cover the rubidium 𝐷2
line spectroscopy peaks (within a single hyperfine manifold) for
SAS [35]. The device design and fabrication details are provided
in Note 1 and Fig. S1 of Supplement 1.

B. Laser Frequency Stabilization
The integrated high-Q resonator cavity enables strong fre-
quency noise reduction of a 780-nm semiconductor laser using

PDH locking. We package the resonator with polarization-
maintaining (PM) fibers and internal temperature control for sta-
ble, plug-and-play locking with single-frequency 780�nm lasers.
In this experiment, we used a 780-nm Distributed Bragg Reflec-
tor laser (DBR, Photodigm) and a Velocity TLB-6730-P tunable
external cavity diode laser (ECDL, Newport) with a tuning range
of 765–781�nm. We characterize the laser frequency noise using
a fiber MZI optical frequency discriminator (OFD) [24].

We generate the error signal for PDH locking by monitoring
the resonator transmission port fiber output on a photodetector
and applying a 15.1�MHz modulation to either the laser cur-
rent or by using a commercial electro-optic phase modulator
(EOPM). The error signal is fed into a PID loop filter and the
control signal is sent to the laser current control port (Fig. 3(a),
top). The stabilized output is taken after a fiber splitter tap af-
ter the laser isolator. This PDH lock requires a minimum of 2
mW going into the packaged reference cavity, allowing for 90%
of the laser output available for subsequent experiments requir-
ing frequency-stabilized light. We implement the lock with both
the DBR and ECDL lasers which have different free-running
fundamental (FLW) and integral linewidths (ILW). The OFD
frequency noise (FN) measurement results for the PDH locking
are shown in Fig. 3(b). At 10�kHz frequency offset, the PDH
lock reduces the laser FN by 21�dB and 22�dB for the DBR
and ECDL, respectively. The lock with the lower-noise ECDL
laser achieves an ILW reduction from 23�kHz to 2�kHz and
exhibits thermo-refractive noise (TRN) limited performance at
4−30�kHz frequency offsets. The free-running and locked laser
linewidths are summarized in Table 1 and we discuss the PDH
loop details in Note 2 and Fig. S2 of Supplement 1. In general,
using a laser with a lower FLW and sufficient frequency modu-
lation bandwidth enables tighter PDH locking and reduced ILW.
Recent demonstrations of photonic-integrated external cavity
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Fig. 3. Laser frequency stabilization to the tunable reference cavity. (a) Schematic for Pound–Drever–Hall (PDH) locking in the integrated
resonator cavity. ISO, optical isolator; OFD, optical frequency discriminator. Inset: Photo of the metallized resonator cavity. (b) Laser fre-
quency noise measurements with the OFD for the DBR laser and the ECDL laser. TRN, thermo-refractive noise.

Table 1. Laser Linewidths Achieved with Packaged Tunable PIC Stabilization

Configuration 1/𝜋 ILW 𝛽-Separation ILW ILW Range

DBR, free-running 182�kHza 5.1�MHz 0.1�Hz to 8�MHz
DBR, PIC lock 246�kHza 306�kHz 0.1�Hz to 8�MHz
ECDL, free-running 23�kHz 354�kHz 1�kHz to 8�MHz
ECDL, PIC lock 1.5�kHz 2.3�kHz 1�kHz to 8�MHz
PIC TRN-limited 316�Hz 470�Hz 0.1�Hz to 8�MHz
aThe increase in the locked 1/𝜋 ILW for the DBR is due to the location of the servo bump, which arises from limited phase margin in the feedback loop.
Combined with the high fundamental linewidth of the laser (33�kHz) and the limited PDH loop gain, this places stricter requirements on the ability of the
servo to suppress mid-range frequency noise (see Supplement 1, Note 2).

tunable lasers (ECTLs) with agile tuning capabilities [31], as
well as locking a low-noise ECTL to a low-TRN coil resonator
[36], have achieved sub-kHz ILW performance in the C-band.

C. Stabilized Laser Tuning and Modulation
Precise frequency tuning and dynamic modulation of the locked
laser are essential for fine alignment and stabilization to an
atomic reference. Here, we demonstrate both frequency ramping
for spectroscopy peak identification and dynamic modulation for
generating the spectroscopy locking error signal. The approach
to stabilizing the PDH-locked laser to rubidium spectroscopy
is shown in Fig. 4(a). We tap a portion of the laser light and
send it through a free-space optical rubidium SAS module.
We demonstrate locked laser sweeping by applying a 500�Hz
voltage ramp to the PIC resonator integrated thermal actuator
(Fig. 4(b)) and show that at different DC heater powers the fre-
quency noise of the laser remains unchanged (Fig. S3(a) and
Note 3 of Supplement 1). This shifts the cavity resonance, en-
abling a continuous frequency sweep of the locked laser. The
sweep range of over 250�MHz used in this experiment is suf-
ficient to identify the spectroscopic hyperfine peaks within the
𝐹 = 2 manifold based on their relative strengths [35]. We also
characterize the dynamic frequency modulation response for
generating an error signal to lock the laser frequency precisely
to the atomic transition. A small-signal voltage modulation is
applied to the thermal actuator, and the frequency response of
the locked laser is measured (Fig. S3(b), Supplement 1). While
maintaining the lock, we measure the modulation bandwidth
(defined at the 180° phase-lag frequency) to be 𝑓180∘ = 15�kHz
(Fig. S3(c), Supplement 1).

D. Rubidium-Disciplined Resonator
A dual-stage locking approach combines the short-term stabil-
ity from the ultra-high-Q photonic integrated resonator cavity
(PIC) with the long-term absolute frequency stability provided
by rubidium spectroscopy (Fig. 4(a)). In the first stage, we PDH-
lock a 780�nm DBR laser to the tunable integrated resonator
for linewidth narrowing. Prior to engaging the lock, the cav-
ity resonance error signal is tuned by setting the temperature
setpoint of the packaged resonator, aligning the resonance to
the rubidium 𝐹′ = (2, 3) crossover transition (Fig. 4(c)). In the
second stage, we lock the PIC cavity-stabilized laser to the
rubidium SAS signal for long-term frequency referencing. To
generate the necessary spectroscopy error signal for atomic lock-
ing, we apply a small-signal modulation (9�kHz) to the PIC
thermal actuator. This spectroscopy-generated error signal is
then fed back to the cavity thermal tuner via a Red Pitaya-
based servo loop, to maintain the cavity resonance frequency
for robust, long-term alignment with the atomic transition. The
inner PDH loop (laser–cavity) is fast compared to the outer
Rb-locking loop (cavity–atom), and the large loop bandwidth
separation ensures stable nested-loop operation without control
interaction.

We next characterize the dual-stage locked laser perfor-
mance using a combination of the OFD frequency noise system
and a cavity-stabilized self-reference optical frequency comb
(Fig. 4(a)). The frequency comb (Vescent FFC-100) is disci-
plined to a Rb frequency standard referenced to a GPS receiver.
The comb system generates a beat-note between a frequency-
doubled comb line at 780�nm and the locked laser and the
beat-note is recorded on a frequency counter. The OFD pro-
vides short-term frequency noise at >1�kHz offset frequencies
and the comb beat-note is used for <1�kHz offsets long-term drift
characterization. The resulting frequency stability time series,

https://doi.org/10.6084/m9.figshare.32095558
https://doi.org/10.6084/m9.figshare.32095558
https://doi.org/10.6084/m9.figshare.32095558
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Table 2. Laser Linewidths and ADEV with the Dual-Stage Locked Tunable Integrated Cavity

DBR Laser Lock 1/𝜋 ILW 𝛽-Separation ILW ILW Range ADEV at 1 ms/1 s/10 s

Free-running 182�kHza 5.1�MHz 0.1�Hz to 8�MHz 1.4 ×10−9/-/-
PIC lock only 246�kHza 306�kHz 0.1�Hz to 8�MHz 2 ×10−11/9 ×10−10/-
PIC and Rb lock 346�kHz 326�kHz 0.1�Hz to 8�MHz 8 ×10−11/8.5 ×10−12/1.5 ×10−11

aSee footnote in Table 1.
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Allan deviation (ADEV), and OFD/comb stitched frequency
noise data is shown in Figs. 4(d)–4(f) for three different con-
figurations: the free-running DBR laser, the DBR laser locked
only to the PIC, and the DBR laser under dual-stage (PIC and
rubidium spectroscopy) lock.

The PIC-only lock reduces the short-term laser noise and
stabilizes the drift to within several MHz, reducing the free-
running laser ADEV by more than two orders of magnitude at
millisecond timescales (Figs. 4(d) and 4(e)). However, due to
inherent cavity drift, PIC-only locking is insufficient for atomic
experiments requiring stable absolute frequency referencing at
averaging times greater than 10�ms. The second-stage rubidium
spectroscopy lock significantly improves the long-term stabil-
ity, achieving fractional frequency stability of 8.5 × 10−12 at
1�second averaging time—a two-order-of-magnitude improve-
ment compared to the PIC-only lock performance of 9 × 10−10

at 1�second (Fig. 4(e)). At present, this 1�s instability can be
attributed in part to the technical noise in the Rb lock, due to
the small error signal slope and the input referred noise of the
locking electronics. The dual-stage lock confines the laser fre-
quency drift to within ±50�kHz (RMS fluctuation of 31�kHz)
over 6�hours of continuous operation (Fig. 4(d), inset). We at-
tribute the τ > 1�s stability primarily to probe-beam intensity
fluctuations in the Rb SAS caused by slow fiber-coupling and
polarization drift. Independent probe power logs show 10–20%
drift over several hours. Using a measured probe power of

20�µW with 2�µW RMS fluctuations and a light-shift coeffi-
cient of ≈10�kHz/µW (scaled from [20]), we expect an RMS
frequency fluctuation ≈ 20�kHz.

The frequency noise of the locked laser is shown in Fig. 4(f),
with data from two different measurement systems (comb beat-
note and OFD) stitched together. At frequency offsets of 100�Hz
to 10�kHz, the laser frequency noise increases due to thermal
tuner feedback loop in the rubidium SAS lock. The β-separation
integral linewidth of the free-running 780�nm laser is reduced
from 5�MHz to 306�kHz for the PIC lock only and to 326�kHz
for the dual-stage lock. The slight increase in integral linewidth
from 306�kHz (PIC-only lock) to 326�kHz (dual-stage lock) is
due in part due to the limited bandwidth of the thermal actuator.

Future investigations will focus on improving the actuator per-
formance by linearizing the heater drive, implementing a slow
temperature control loop to the resonator TEC, and incorporat-
ing MHz-bandwidth stress-optic PZT actuators. To reduce the
systematic frequency shifts in the rubidium lock, we also plan to
implement an intensity servo to suppress long-term probe beam
power fluctuations in the SAS. We summarize the calculated
ILWs and ADEV for the different lock loops in Table 2.

3. MULTI-WAVELENGTH RYDBERG SENSING
We demonstrate the use of our tunable integrated resonator to
transfer rubidium stability to two lasers in a three-wavelength
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and the 780�nm probe transmission is recorded on a photodetector (PD). The 780 ECDL serves as the SAS-locked reference, and the 776
ECDL PDH is PDH sideband-locked to a cavity resonance using an electro-optic phase modulator (EOPM). The external RF source incident at
the atoms is operated at 2.76�GHz. (c) 780 probe laser transmission trace as a function of the 1270 laser scan. Strong Autler–Townes splitting
is observed when the RF field is on. (d) Rydberg laser transmission signal as a function of time for 780 and 776 lasers free-running (blue),
both locked to the Rb-disciplined PIC transfer cavity (orange), and both locked to a table-top quad-bore ULE reference cavity (green).

Rydberg electrometry, where three distinct wavelengths are used
to sequentially drive transitions from a ground state to an inter-
mediate excited state and subsequently to a high-lying Rydberg
state. Rydberg electrometry allows for measuring RF electric
fields with high sensitivity across a wide range of frequencies
using room-temperature rubidium vapor cells for precision sens-
ing, RF field mapping, and antenna calibration [11]. The energy
diagram for the 780�nm (probe laser), 776�nm (dressing laser),
and 1270�nm (coupling laser) is shown in Fig. 5(a). In this appli-
cation, the long-term stability of the probe and dressing lasers is
important to achieving high sensitivity for the RF electric field
measurements.

The tunable integrated resonator is used to lock both the
780�nm and 776�nm lasers using a single rubidium spectroscopy
reference (Fig. 5(b)). The resonator is critically coupled with
high Q resonances over the 776–785�nm range, providing a
strong PDH error signal slope for stabilization. We first stabi-
lize a 780 ECDL to the transfer cavity resonator and rubidium
spectroscopy using a dual-stage lock (described in the pre-
vious section). Next, we stabilize the 776 ECDL to the PIC
resonator using electro-optic phase modulator (EOPM) side-
band locking, thereby bridging the frequency offset between
the cavity resonance and the desired transition frequency and
transferring the rubidium-stabilized frequency stability from the
780�nm laser to the 776�nm laser. The details of the lock loop

are described in Note 4 of Supplement 1. Finally, the 1270�nm
Rydberg coupling laser is scanned through the expected Ryd-
berg transition frequency, while the transmission of the 780�nm
probe beam is monitored to detect electromagnetically induced
transparency (EIT) signals corresponding to Rydberg excitation
(Fig. 5(c)). With a 2.76�GHz RF field incident on the atoms, we
observe clear Autler–Townes splitting of the Rydberg resonance,
from which the RF electric field amplitude can be derived.

The Rydberg EIT signal (RF off) from the 1270 laser trans-
mission scan is continuously sampled for 20�minutes (Fig. 5(d)).
We quantify the signal quality from the trace as a function of
time for three different locking conditions: both 780�nm and
776�nm lasers free-running, both lasers locked to the PIC trans-
fer cavity, and both lasers locked to a table-top vacuum-gap
ultra-low expansion (ULE) quad-bore reference cavity. The de-
tails of the EIT signal data processing are discussed in Note
4 of Supplement 1. We show that locking both lasers to the
PIC-based transfer cavity significantly enhances the Rydberg
EIT signal stability relative to the free-running condition and
achieves comparable performance to that of the ULE quad-
bore cavity. To further support these findings, we evaluated the
frequency stability of the PIC-based transfer cavity lock using
the comb beat-note measurement system (shown in Fig. 3(a)),
as discussed in Note 4 of Supplement 1 . The corresponding
ADEV traces (Fig.�S4(b), Supplement 1) show that both lasers
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exhibit sub-10−10 stability at 1–100�ms averaging times when
locked to the PIC. At longer averaging times, the addition of
rubidium spectroscopy feedback to the 780�nm laser further dis-
ciplines the cavity, reducing the ADEV of the transfer-locked
776�nm laser by nearly an order of magnitude at τ� = �0.1�s.
The frequency noise at 1�kHz offset was reduced by 20�dB (Fig.
S4(c), Supplement 1).

We also confirm that the same PIC resonator supports a 2.2�M
loaded Q TE resonance at 1270�nm—used for Rydberg state
coupling—suggesting that this wavelength could also be sta-
bilized using the PIC (Fig.�S1(d), Supplement 1). While the
1270�nm laser was scanned rather than locked in this work,
future implementations could benefit from fully stabilizing all
three lasers, especially when the 1270�nm beam serves as a
fixed-frequency probe or sensing reference. These results val-
idate the integrated transfer cavity approach for robust multi-
wavelength stabilization, demonstrating its suitability for high-
precision atomic and quantum experiments. The PIC-based cav-
ity provides a compact and scalable approach to relative laser
frequency control and reduces the need for separate atomic
references for each laser, expensive fiber frequency combs, or
table-top ULE reference cavities.

4. DISCUSSION AND CONCLUSION
In this work, we present a photonic-integrated approach to per-
form key steps used in the preparation and measurement of
atomic states in quantum experiments. These steps include spec-
troscopy of the atomic hyperfine structure, stabilizing a primary
laser and a reference cavity to a desired atom transition, transfer-
ring the stability of the atom to additional laser frequencies using
additional cavity resonances, performing state preparation of the
atom population using the atomically stabilized set of lasers, and
making a quantum measurement using a cavity referenced laser.
Using a thermally actuated CMOS-foundry-fabricated tunable
silicon nitride resonator, we realize a tunable locked laser source
with 22�dB of frequency noise reduction at 10�kHz offset and
scanning rubidium spectroscopy using precise control of the
locked low noise laser frequency. After spectroscopy sweeping,
we are able to choose the desired hyperfine transition and imple-
ment a dual-stage lock that combines the short-term stability of
the integrated resonator with the long-term stability of the rubid-
ium 𝐷2 transition, achieving a fractional frequency stability of
8.5 × 10−12 at 1�second and maintaining frequency drift to within
100�kHz for over 6�hours of continuous operation. We then use
the same resonator to transfer the rubidium stability to a second
laser and perform quantum atomic state preparation enabling
electromagnetic field measurement in a three-wave Rydberg RF
sensing experiment. The ability to successfully perform EIT
detection on the probe light demonstrates that the rubidium-
disciplined cavity resonances provide the required frequency
stability for the second laser.

Previous demonstrations of rubidium-disciplined crystalline
WGM resonators have achieved excellent frequency stability,
reaching ≈8 × 10−13 at 1�s using self-injection locking combined
with piezoelectric actuation [18]. We provide a comparison of
WGM results and our SiN work in Table S2 and Note 5 in in
Supplement 1. For comparison, passive ULE reference cavi-
ties can achieve fractional frequency instabilities approaching
10−15 at 1�s with drift rates on the order of kHz/day [37]. While
the absolute instability reported here is higher, our work tar-

gets atomic-referenced laser stabilization on a CMOS-foundry
silicon-nitride platform, enabling wafer-scale reproducibility
and operation as a compact, fiber-packaged stabilization mod-
ule for a variety of lasers. In separate work using the same
SiN resonator geometry, we demonstrated self-injection locking
with substantially reduced frequency-noise levels [38], which,
when combined with the dual-stage atomic lock, can poten-
tially extend the 1/√𝜏 white-frequency-noise region for a lower
minimum Allan deviation. Further improvements at averaging
times beyond 1�s are expected from tighter control of Rb-related
systematic shifts.

Looking forward, this approach can be applied to wide
range of neutral atom and trapped-ion experiments that in-
volve broader wavelength spectroscopy and coverage, narrower
linewidth atomic transitions, and precision frequency metrology.
Examples include probing the rubidium two-photon transition
for optical atomic clocks [39,40], trapped ion qubits [41], and
multi-wavelength stabilization for polyatomic molecule experi-
ments with many repump wavelengths [42]. While the Rydberg
electrometry was performed with a warm vapor cell, a similar
stabilization architecture can be extended to cold-atom Ryd-
berg architectures that require narrower laser linewidths [14].
Future work will also focus on simultaneous common-mode
beat-note measurements to precisely quantifying the transfer
of frequency noise and stability in the multi-laser stabilization
across a broader range of resonances and using longer cavities
with smaller FSR.

The atomic-disciplined reference and transfer cavity opera-
tion offers a compact alternative to traditional table-top multi-
bore ULE cavities, costly frequency comb systems, and reduces
the need to use multiple atomic references. The agile integrated
cavity overcomes limitations of table-top bulk-optic references,
namely lack of agility, large free spectral range, and difficulty
in planar photonic integration. Beyond the compact footprint
and linewidth narrowing capabilities, photonic integrated res-
onators provide a scalable solution to support significantly lower
FSR designs; for example, meter-scale coil resonators on a chip
can provide FSRs in the range 10—100�MHz [23,43–45]. In
our experiment, the 5.5�GHz FSR cavity required the use of
EOPM sideband locking to bridge the gap between the cavity
resonance and the desired transition frequency. Reducing the
resonator FSR increases the density of available lock points, en-
abling the cavity resonance to be positioned closer to the atomic
transition and thereby reducing the required offset locking fre-
quency. Such low-FSR systems would be challenging to realize
using bulk-optic cavities, which would be challenging to fabri-
cate, thermally tune, and stabilize at comparable cavity lengths.
Moreover, the integration of stress-optic tuning actuators, such
as PZT-on-SiN, enables >10�MHz bandwidth actuation [29–31]
and provides fast, chip-scale tuning that overcomes the kHz-
level bandwidth limits imposed by mechanical resonances in
traditional table-top PZT-actuated cavities, while offering low
power (10�s of nW) actuation complementary to thermal tuning.
In low-FSR resonator architectures the required offset frequency
can therefore be reduced to the 10�MHz regime, where inte-
grated phase modulators, such as ring resonator modulators with
demonstrated bandwidths of 20�MHz [29,46] could provide the
required modulation directly on-chip. Consequently, integrated
cavities with fast, continuous tuning can substantially reduce the
reliance on external frequency shifters such as AOMs, which are
power consuming and typically limited to a few hundred MHz
of tuning range.

https://doi.org/10.6084/m9.figshare.32095558
https://doi.org/10.6084/m9.figshare.32095558
https://doi.org/10.6084/m9.figshare.32095558


Research Article Vol. 4, No. 3 / 25 June 2026 / Optica Quantum 239

Ultimately, co-designing photonic reference cavities
with lasers [24,36,38,47,48], modulators [29,30,49], and
atomic–photonic interfaces will enable fully chip-integrated
quantum systems. This approach can be integrated with on-chip
beam delivery, including grating emitters directly coupled to
atomic cells for probing and trapping atoms [50,51] to further
reduce system size and complexity. Probe-beam intensity stabi-
lization could be implemented on-chip using a Mach-Zehnder
interferometer with a phase modulator and photodetectors
to actively control the spectroscopy power. These advances
highlight the potential of integrated photonic reference cavities
as a scalable platform for neutral atom and trapped-ion quan-
tum computing and sensing, ultimately enabling wafer-scale
optical systems for timekeeping, navigation, and other quantum
technologies.
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