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We implement a feedback protocol to suppress the AC Stark shift in a two-photon rubidium
optical frequency reference, reducing its sensitivity to optical power variations by a factor of 1000.
This method alleviates the tradeoff between short-term and long-term stability imposed by the AC
Stark shift, enabling us to simultaneously achieve instabilities of 3 × 10−14 at 1 s and 2 × 10−14

at 104 s. We also quantitatively describe, and experimentally explore, a stability limit imposed on
clocks using this method by frequency noise on the local oscillator.

I. INTRODUCTION

Optical atomic clocks represent the state of the art in
precision timekeeping, with several advanced, laboratory-
based optical clocks achieving a systematic fractional fre-
quency instability at the 10−18 level [1–4]. Currently, al-
most all atomic clocks deployed in the field for navigation,
communication, and sensing applications operate at mi-
crowave frequencies, but advances in compact frequency
combs [5–7] promise to usher in a new generation of de-
ployable clocks based on optical transitions. One can-
didate for such technology is the molecular iodine clock
[8, 9], which has demonstrated performance comparable
to that of a hydrogen maser while aboard a naval ship
[10]. Another candidate is based on the two-photon 5S 1

2

→ 5D 5
2
transition at 778 nm in rubidium [11–23].

The two-photon rubidium transition shows strong po-
tential for use in a high-performance secondary opti-
cal frequency reference (OFR). Its multiphoton nature
allows two overlapping, counterpropagating excitation
beams to perform Doppler-free spectroscopy in a warm
vapor [24], requiring less complexity than cold atom
systems. Furthermore, the transition benefits from a
high quality factor, a clear resonance signal provided by
straightforward fluorescence detection at 420 nm, and
a fortuitous wavelength that enables the use of mature
1550 nm telecommunications components together with
second harmonic generation [25]. Finally, thanks to ad-
vances in microfabricated vapor cells [26] and integrated
photonics, OFRs and clocks based on this transition can
be engineered into packages with small size, weight, and
power consumption [27–31]. They therefore show strong
potential for portability and robust performance in non-
laboratory environments.

However, the two-photon transition in rubidium suffers
from a large AC Stark shift from the excitation beams.
Two-photon rubidium OFRs are therefore sensitive to
fluctuations in both the beams’ intensity and their de-
gree of overlap [32], which are difficult to stabilize at
long timescales. This introduces an inherent tradeoff be-
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tween short-term stability, which benefits from intense
excitation light, and long-term stability, which suffers
from it. For practical choices of operating parameters,
the AC Stark shift often limits long-term performance
[19, 23, 30].
Alleviating the tradeoff imposed on this platform by

the AC Stark shift is an area of active research. Sev-
eral methods have been proposed, including a scheme in
which the error signal generated by the atomic interroga-
tion is locked to a nonzero value [33], a scheme in which
two vapor cells are simultaneously interrogated at differ-
ent intensities [34], and schemes in which two lasers at
different wavelengths are employed to cancel each others’
AC Stark shifts, with the ratio of their intensities either
nominally fixed [35] or actively stabilized by a secondary
feedback loop [36]. The methods described in Refs. [34]
and [35] rely on the ability to accurately measure the rel-
ative intensities of two different beams, and the method
described in Ref. [33] introduces sensitivity to variations
in other parameters. Nevertheless, these methods have
been demonstrated to suppress the effects of large, inten-
tionally applied optical power variations. The method
described in Ref. [36] shows promise but has so far been
only been demonstrated as a proof of concept rather than
a closed-loop operational clock.
In this work, we implement a protocol called the auto-

compensated shift (ACS) [37] to suppress the AC Stark
shift in a two-photon rubidium OFR. This protocol was
designed for implementation in a generic continuous-wave
(CW) clock and has been previously demonstrated in
a microwave clock based on coherent population trap-
ping (CPT) [38]. ACS (along with the method described
in Ref. [36]) belongs to a family of related techniques
for compensating clock shifts that also includes Auto-
balanced Ramsey spectroscopy [39–43] and a number of
techniques for optically pumped microwave clocks [44–47]
and CW CPT clocks [48–50]. These techniques have been
collectively described as “two-loop methods” [37, 51] and
are united by their employment of two simultaneous feed-
back loops, both deriving their error signals from atomic
interrogation: a primary loop that stabilizes the fre-
quency of the local oscillator (LO) to the atomic tran-
sition frequency, and a secondary loop that stabilizes an
additional experimental parameter to compensate some
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FIG. 1. A high-level block diagram of the ACS method for
suppressing the AC Stark shift in a generic CW frequency ref-
erence. PID = proportional/ integral/ derivative controller.

perturbation or clock shift. In previous work, the addi-
tional experimental parameter has been called the “con-
comitant” parameter and is often denoted by ξ [37, 51].
The stipulation that both error signals be derived from
atomic interrogation is what distinguishes the secondary
feedback loop in one of these so-called two-loop methods
from any number of other independent feedback loops
that may exist in a clock system, such as the stabilization
of a component’s temperature using a thermistor. The
distinction matters because extracting information from
the atoms eases requirements on the ability to directly
measure and stabilize the offending perturbation. The
term “two-loop method” could even be extended to refer
to methods where the second loop is not implemented
in hardware, but rather activated infrequently by hand
during brief pauses in a clock’s operation, such as the oc-
casional tuning of a magnetic compensation field applied
to a lattice clock to minimize its transition linewidth [52].

A consequence of implementing ACS is that the sec-
ondary feedback loop provides a new avenue for fre-
quency noise on the LO to couple onto the clock’s sta-
ble output, imposing a new limit on the clock’s stability.
Authors investigating other two-loop methods have re-
marked on this phenomenon [34, 36, 47]. In this work,
we quantitatively describe the stability limit imposed on
ACS clocks by LO frequency noise. We systematically
vary the parameters of our ACS implementation to exper-
imentally investigate this stability limit, and the results
are reasonably consistent with the model we present.

II. PRINCIPLE OF ACS

ACS is a two-loop method for compensating the AC
Stark shift due to the interrogation field in a generic CW
frequency reference. Its working principle is described
here. The AC Stark shift is assumed to be linear with
the interrogation intensity. A block diagram of the ACS
method is shown in Fig. 1.

The defining characteristic of ACS is the introduction
of a frequency shifter to the interrogation beam, creating
a controllable offset between the LO frequency νLO before
the shifter and the interrogation frequency νint after the
shifter. This component is programmed to apply a fre-
quency shift proportional to the instantaneous measured

interrogation power P (t):

νint = νLO + ξP (t). (1)

where the constant of proportionality ξ is controllable. ξ
is nominally real-valued; that is, there is no intentional
phase shift between the power modulation and the ap-
plied frequency shift. The clock’s primary loop operates
conventionally, steering νLO to lock νint to the (AC Stark-
shifted) atomic transition frequency with sufficient band-
width for robust operation. Meanwhile, the secondary
feedback loop controls ξ, slowly and continually adjust-
ing its value to match the transition’s AC Stark shift
coefficient. If ξ is adjusted correctly, then the applied
frequency shift absorbs the AC Stark shift, and νLO be-
comes insensitive to variations in the interrogation power.

In a conventional frequency reference, the measured
interrogation power P is stabilized to a constant value in
order to minimize AC Stark shift fluctuations. In ACS,
the power is modulated, for example sinusoidally:

P (t) = P0[1 +A sin(2πfPMt)], (2)

where P0 is the average interrogation power, A is the
modulation amplitude, t is time, and fPM is the power
modulation frequency, which should be slower than the
bandwidth of the primary feedback loop. The primary
loop should have sufficient dynamic range for the LO
to remain locked through a complete cycle of the power
modulation. If ξ is not matched to the AC Stark shift
coefficient, the applied modulation causes a tone at fPM

to appear on the LO steering signal. A lock-in ampli-
fier detects this tone and provides the error signal for
the secondary feedback loop, which controls ξ with a re-
sponse time T ≫ 1/fPM to make the tone vanish. The
lock-in amplifier’s phase should be chosen so that when
ξ is 0, the measured response to the applied modulation
lies as much as possible in one quadrature, which can be
achieved by minimizing the signal on the other quadra-
ture.

ACS is tolerant to slowly-varying multiplicative errors
in the power measurement that would, in a conventional
power stabilization setup, lead to OFR frequency fluctu-
ations. As long as the ratio between the maximum power
and the minimum power during each modulation cycle is
well-measured, the secondary feedback loop ensures that
νLO is extrapolated to the zero-AC Stark shift transition
frequency.

III. OUR OFR SETUP

A block diagram of the experimental setup is shown
in Fig. 2. Other than the components related to ACS
(shown in the orange section), our architecture is typical
for a degenerate-wavelength two-photon rubidium OFR.
We use a narrow-linewidth frequency-doubled 1556 nm
laser to generate light at 778.1 nm. This light is retrore-
flected to create two overlapping, counterpropagating ex-
citation beams in a magnetically shielded, glass-blown
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FIG. 2. A block diagram representing our experimental im-
plementation of ACS in a two-photon rubidium OFR. For
simplicity, this diagram does not show the RAM suppression
signal pathway or the optical frequency measurement setup
used to characterize our OFR stability. The waveform gen-
erator and the multiplier connected to it are shown as sep-
arate instruments for clarity, but they are implemented in a
single FPGA device. PD = photodiode; PMT = photomul-
tiplier tube; PID = proportional/ integral/ derivative con-
troller; AOM = acousto-optic modulator; PLL = phase locked
loop; LP = lowpass.

3-inch-long vapor cell. The cell contains isotopically en-
riched 87Rb and is maintained at 93 °C. When the light
is resonant, the atoms are excited from the 5S 1

2
state to

the 5D 5
2
state and emit fluorescence at 420 nm, which is

separated from the excitation light by an interference fil-
ter, collected by a lens, and detected by a photomultiplier
tube. We lock our laser to the F = 2 → F = 4 transition
with a bandwidth of about 2 kHz. The error signal for
this lock is derived by modulating the laser frequency at
fFM = 100 kHz via direct laser current modulation and
demodulating the fluorescence signal.

We used a camera to image the beam spot at several
positions. The beam’s 1/e2 radius varies from about 270
µm to 310 µm as the beam progresses through the vapor
cell. We measure an AC Stark shift coefficient of about
720 Hz/mW, which is consistent with the expected value
for our measured beam size [32] when one accounts for
the spatial distribution of optical power and the losses
from reflections at the vapor cell windows.

We use a fiber-coupled acousto-optic modulator
(AOM) both to control the optical power and to intro-
duce the optical frequency shift required for ACS. The
output fiber is coupled to the first-order diffracted beam,
so by controlling the amplitude and frequency of the
AOM’s RF drive, both the power and the frequency shift
on the output can be adjusted. The AOM’s RF drive is
generated by a field programmable gate array (FPGA)-
based digital signal processor (DSP). In our experiment,
the DSP is referenced to a hydrogen maser for frequency

stability, but in a field-deployable atomic clock, it can
also be referenced to the clock’s own output.
Up until the AOM, the optical path is confined to

polarization-maintaining fiber, but after the AOM, the
light enters free space. To measure and stabilize the op-
tical power entering the vapor cell, a linear polarizer and
a wedged, fused silica beam sampler are placed just be-
fore the cell, diverting a small fraction of the light onto
a photodiode. During conventional operation, the mea-
sured optical power P is stabilized to 66 mW, and the
AOM’s RF drive frequency is held constant. During ACS
operation, the power setpoint is varied sinusoidally at
fPM = 223 Hz around an average value P0 of 66 mW. Our
choice of fPM = 223 Hz is motivated in the Supplemen-
tal Material [53]. Except where specified otherwise, the
power is modulated from 53 mW to 79 mW (A = 0.19).
We observe that the clock shift due to the AC Stark effect
has a linear relation with probe power over this range of
operating parameters to within our measurement uncer-
tainty. A digital lock-in amplifier monitors the resulting
response on the laser steering signal. Its output is digi-
tally integrated to yield ξ, which is passed to the AOM
drive FPGA together with P so that it can implement
Eq. (1). The fully digital implementation of our ACS
signal pathway ensures that ACS is not compromised by
voltage offsets between instruments. We did not take
special care to measure or minimize the voltage offset
on the power measurement photodiode. Such an offset
would cause the ACS-enabled frequency reference to re-
tain a small residual sensitivity to the AC Stark effect;
however, we demonstrate a thousandfold suppression of
the AC Stark shift sensitivity without addressing this off-
set.
Residual amplitude modulation (RAM) is reduced by

active cancellation with a tone at fFM = 100 kHz applied
to the AOM RF drive power. The phase and amplitude
of the tone are controlled by feedback loops in order to
zero the RAM as measured on the power measurement
photodiode, a technique known as complex modulation
[21, 54, 55]. Out-of-loop measurements confirm that our
clock stability is not limited by RAM fluctuations.
To characterize the OFR’s stability, we pick off some

light from the stabilized 1556 nm laser and heterodyne
it with an optical frequency comb stabilized to an ul-
trastable optical reference cavity. The beat frequency is
measured by a counter. To account for long-term drift
of the cavity (about 10−13/h), the comb’s repetition rate
is measured by a phase noise analyzer referenced to a
hydrogen maser, and the drift is subtracted off in post-
processing.

IV. CHARACTERIZATION OF ACS
PERFORMANCE

We performed two experiments to characterize the per-
formance of the ACS method. First, we demonstrated
that ACS dramatically reduces the OFR’s sensitivity to
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FIG. 3. The response of our OFR to intentional optical
power variations, caused by alternatingly raising and lowering
a piece of glass in front of the power measurement photodiode
once per hour. ACS suppresses the OFR response by a factor
of about 1000; the residual shift on each step is near or below
the 7.4 Hz uncertainty (Allan deviation at τ = 30 min). For
the ACS data, T = 170 s.

optical power variations by intentionally applying large,
discrete steps in the power. To apply the power varia-
tions, we used a servo motor to alternatingly raise and
lower a piece of glass once per hour in front of the pho-
todiode responsible for stabilizing the optical power, as
shown in Fig. 2. This simulates a multiplicative error on
the power measurement, similar to one that might natu-
rally arise due to variations in the gain of the photodiode,
the reflectance of the beam sampler, or the transmittance
of the vapor cell window. We performed five cycles of in-
serting and removing the glass, i.e. ten total power steps.
The results from three cycles are shown in Fig. 3.

During regular operation (ACS disabled), the insertion
or removal of the glass causes a frequency step of about
7 kHz at 778 nm (1.8 × 10−11). When ACS is enabled,
the initial response is the same, but the slow secondary
feedback loop then adjusts ξ until the OFR returns to
very nearly its original frequency. The response time T
of the secondary feedback loop, defined as the 1/e decay
time of ξ after an impulse, is set to about 170 s for this
experiment. Note that during the intervals in which glass
is in place in front of the photodiode, our data show small
frequency fluctuations regardless of whether ACS is en-
abled. This is because the glass was taped, rather than
rigidly mounted, to the motor arm, and therefore occa-
sionally suffered small movements. ACS even corrects
these small, unintentional power fluctuations; they are
visibly transient with ACS enabled and persistent with
ACS disabled.

We calculated residual shifts for each ACS-enabled
power step using data starting 30 minutes (about 10 re-
sponse times) after the step, excluding any data that
visually appears to be affected by the transient glass-
induced fluctuations. The residual shift can be measured
to a resolution of approximately 7.4 Hz, as this is the
OFR’s Allan deviation at τ = 30 min. Six of the ten mea-
sured power steps exhibited residual shifts below ±7.4
Hz, i.e. consistent with 0, indicating a thousandfold sup-

FIG. 4. Allan deviations of the OFR with and without ACS.
Shaded regions denote standard error. For the ACS data,
A = 0.19 and T ≈ 200 s. Our previously reported two-photon
rubidium performance, Ref. [30], is shown in gray for context.
(Note that for the data shown here, a nanoparticle polarizer
was used before the power monitor pickoff, while in Figs. 3
and 5, a polarizing beamsplitter cube was used. We believe
this to be responsible for the slight difference in the shapes of
the Allan deviations.)

pression of the OFR response compared to when ACS is
disabled. The remaining four had residual shifts of up to
±20 Hz, which we attribute to difficulty in isolating data
free from glass fluctuations.
Next, we investigated the frequency stability that can

be obtained with ACS. We operated the OFR for several
days each with ACS and with conventional power sta-
bilization. No intentional power variations were applied
during this experiment. The frequency stability observed
during these runs is shown in Fig. 4. Our intense excita-
tion laser enables a short-term fractional Allan deviation
below 3× 10−14 at 1 s, seven times better than the short
term stability previously reported in our two-photon ru-
bidium OFR in Ref. [30]. When the OFR is operated
conventionally, our use of intense light comes at the ex-
pense of stability at longer integration times, but when
ACS is enabled, the Allan deviation past 102 s is im-
proved to a level comparable to that reported in Ref. [30],
remaining at or below 2×10−14 until 4×104 s. It is cur-
rently unclear what limits the long-term stability of our
ACS-enabled frequency reference. One possible source of
instability is fluctuations on the photodiode voltage off-
set. This offset causes a power measurement error that
is additive rather than multiplicative, so it causes an AC
Stark shift that ACS is unable to compensate.
The exact mechanism for the larger AC Stark shift fluc-

tuations that limit the performance during conventional
operation is also currently unclear. This instability ap-
pears to be bounded in nature. We suspect an environ-
mental sensitivity in the polarizer just before the power
measurement pickoff; the data in Fig. 4 was collected
using a nanoparticle polarizer (colorPol VIS 700 BC4
CW02 with antireflection coating), but the stability at
integration times between 102 s and 103 s was improved
somewhat by replacing this polarizer with a polarizing
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beamsplitter cube (New Focus 5812). Allan deviations
collected with the polarizing beamsplitter cube are shown
in Fig. 5. However, out of all our measurements, the ones
using ACS in conjunction with the nanoparticle polarizer
consistently yielded the lowest Allan deviations beyond
τ = 104 s. Multiple measurements alternating between
the two polarizers indicate that these observations are
repeatable. Both polarizers were angled for slightly off-
normal incidence to reduce interference from stray reflec-
tions.

V. STABILITY LIMIT IMPOSED BY LO NOISE

In this section, we examine how ACS provides a new
avenue for frequency noise on the LO to couple onto the
clock’s stable output. As shown in Fig. 1, the ACS
method relies on the detection of a tone at fPM on the
LO steering signal, i.e. the output of the primary feed-
back loop. It is therefore inherently sensitive to any noise
on the steering signal containing a spectral component
at fPM. There are two contributions to such noise: fre-
quency noise Sν,free on the free-running LO, which must
be corrected by the steering signal in order to maintain
lock, and noise Sν,servo introduced incidentally by the pri-
mary feedback loop, such as photon shot noise or tech-
nical noise, which typically limits the locked LO’s short-
term stability. In general, Sν,free is likely to dominate
over Sν,servo, but we use a quiet LO and must therefore
consider both contributions. Noise at fPM from either of
these sources is detected by the secondary feedback loop
and results in noise on ξ at timescales greater than T ,
the response time of the secondary feedback loop. This
in turn causes noise on the locked clock frequency νLO,
imposing a limit on the clock performance at integration
times τ > T . Around τ = T , the fractional Allan devia-
tion σy must transition to a second, degraded line given
by

σy(τ > T ) =
1

νLO

√
Sν,free(fPM) + Sν,servo(fPM)

τ

1

A
, (3)

where A is the dimensionless amplitude of the power
modulation defined by Eq. (2) and Sν,free and Sν,servo

are one-sided power spectral densities with units of LO
frequency squared per unit of spectral bandwidth. Eq.
(3) is derived in the Supplemental Material [53] (see also
Ref. [56] cited therein).

To investigate this stability limit imposed on ACS, we
performed several additional measurements with differ-
ent choices for the parameters A and T . The Allan devi-
ations obtained in these runs are shown in Fig. 5. Dashed
lines show the theoretical Allan deviations predicted by
Eq. (3). To determine Sν,free(fPM) for the calculation of
the dashed lines, we measured the frequency noise spec-
trum of the free-running laser (plotted in the Supplemen-
tal Material [53]). Sν,servo is assumed to be white noise
and is estimated from the measured short-term stabil-
ity of the locked OFR (specifically, the Allan deviation

FIG. 5. Allan deviations of our OFR for different choices of
the ACS parameters A and T . Shaded regions denote stan-
dard error. For integration times τ ≫ T , the Allan devia-
tions show reasonable agreement with the stability limits pre-
dicted by Eq. (3), shown in dashes. For these measurements,
we chose time constants considerably faster than the opti-
mal value of about 200 s to ensure that the OFR stability is
governed by this limit, without contributions from systematic
instabilities that ultimately limit performance at the longest
integration times.

at τ = 0.1 s) for each curve. Inaccuracies in estimat-
ing these noise terms are likely responsible for the small
disagreements between theory and experiment in Fig. 5.
Our stability limit is analogous to the intermodulation

effect [57], differing only in that it occurs on the sec-
ondary feedback loop instead of the primary one; it is
caused by aliasing between the power modulation and
noise on the LO. Almost all two-loop methods rely in
some form on periodic modulation of the interrogation
in order to generate a secondary error signal, and are
therefore subject to similar limits, though the limit might
be very low if the LO is stable on the timescale of the
modulation.
The stability limit given by Eq. (3) can be optimized

by using a low-noise LO as well as appropriate choices
of the parameters fPM, A, and T . The modulation fre-
quency fPM should be chosen in a quiet part of the LO’s
noise spectrum, which is typically at higher frequencies,
though it must be much slower than the bandwidth of
the primary frequency stabilization feedback loop. The
modulation amplitude A should be as large as possible
while ensuring that the measured AC Stark shift remains
linear over the range of powers employed, though it is
also worth considering that the short-term performance
will be slightly degraded for large values of A due to
the time spent at lower optical power, as shown in Fig.
5 (lower). The response time T of the secondary feed-
back loop should be chosen to be slightly faster than the
timescale at which the AC Stark shift begins to limit the
OFR’s stability, which is typically a few hours or days;
if T is slower than this timescale, ACS fails to keep up
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with AC Stark shift fluctuations, and if it is much faster,
the transition to the degraded Allan deviation happens
unnecessarily quickly.

In order to enable ACS to improve the frequency sta-
bility of our OFR, it was essential to choose a low-
noise laser so that the degraded stability limit lies be-
low the AC Stark shift limit. For this reason, we chose
a commercially available whispering gallery mode self-
injection-locked laser at 1556 nm. Its noise spectrum is
shown in the Supplemental Material [53]. The ongoing
development of compact and integrated low-noise optical
lasers [58–63] suggest that it may be possible for field-
deployable OFR’s to benefit from ACS or similar two-
loop methods.

An approach has been described to suppress the con-
tribution of oscillator noise, Sν,free(fPM), to the stability
limit described by Eq. (3) [36]. It entails a differen-
tial measurement from two simultaneous atomic interro-
gation regions, one with applied power modulation and
one without. In future work, it would be interesting to
explore whether this approach can enable additional sta-
bility improvements.

VI. DISCUSSION

We have demonstrated that ACS reduces the AC Stark
shift sensitivity of our two-photon rubidium OFR, allevi-
ating the tradeoff between short-term stability and long-
term stability. In its current form, ACS requires only an

AOM and digital signal processing. In order to reduce
power consumption, future work could explore alterna-
tive two-loop methods that do not require an AOM. Such
alternative methods may be useful for field-deployable
devices, which are subject to environmental perturba-
tions that make it difficult to stabilize operating parame-
ters such as interrogation power at long timescales. Our
implementation of ACS in a two-photon rubidium OFR
demonstrates that two-loop methods have the potential
to improve the stability of CW optical clocks, which
are poised to become widely adopted for applications in
navigation, communication, and sensing in the coming
decade.
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[44] M. Arditi and J. L. Picqué, Application of the light-shift
effect to laser frequency stabilization with reference to a
microwave frequency standard, Optics Communications
15, 317 (1975).

[45] M. Hashimoto and M. Ohtsu, A novel method to compen-
sate for the effect of light shift in a rubidium atomic clock
pumped by a semiconductor laser, IEEE Transactions on
Instrumentation and Measurement 39, 458 (1990).

[46] B. H. McGuyer, Y.-Y. Jau, and W. Happer, Simple
method of light-shift suppression in optical pumping sys-
tems, Applied Physics Letters 94, 251110 (2009).

[47] C. E. Calosso, M. Gozzelino, F. Levi, and S. Micalizio,
Laser-frequency stabilization using light shift in com-
pact atomic clocks, Physical Review Applied 22, 034033
(2024).

[48] V. Shah, V. Gerginov, P. D. D. Schwindt, S. Knappe,
L. Hollberg, and J. Kitching, Continuous light-shift
correction in modulated coherent population trapping
clocks, Applied Physics Letters 89, 151124 (2006).

[49] V. I. Yudin, M. Yu Basalaev, A. V. Taichenachev, D. A.
Radnatarov, V. A. Andryushkov, and S. M. Kobtsev,
Method for stabilization of the microwave modulation
index in order to suppress the light shift of the coher-
ent population trapping resonances, Journal of Physics:
Conference Series 2067, 012003 (2021).

[50] D. A. Radnatarov, S. M. Kobtsev, V. A. Andryushkov,
M. Y. Basalaev, A. V. Taichenachev, M. D. Radchenko,
and V. I. Yudin, Active suppression of the light shift in
an atomic clock based on coherent population trapping
in 87Rb vapor using the phase jump technique, JETP
Letters 117, 504 (2023).

[51] V. Yudin, A. Taichenachev, M. Y. Basalaev, T. Zanon-
Willette, J. Pollock, M. Shuker, E. Donley, and J. Kitch-
ing, Generalized autobalanced ramsey spectroscopy of
clock transitions, Physical Review Applied 9, 054034
(2018).

[52] M. M. Boyd, A. D. Ludlow, S. Blatt, S. M. Foreman,
T. Ido, T. Zelevinsky, and J. Ye, Sr 87 lattice clock
with inaccuracy below 10−15, Physical Review Letters
98, 083002 (2007).

[53] See Supplemental Material [URL] for a derivation of the
ACS stability limit, as well as a plot and discussion of
our laser’s frequency noise spectrum.

[54] S. Aronson, Reduction of Residual Amplitude Modulation
in Electro-Optic Modulators, Bachelor’s thesis, University
of Florida (2020).

[55] H.-Y. Chia, Complex Modulation and its Applications,
Ph.D. thesis, University of Florida (2022).

[56] J. Rutman and F. L. Walls, Characterization of frequency
stability in precision frequency sources, Proceedings of
the IEEE 79, 952 (1991).

[57] C. Audoin, V. Candelier, and N. Dimarcq, A limit to the
frequency stability of passive frequency standards due to
an intermodulation effect, IEEE Transactions on Instru-
mentation and Measurement 40, 121 (1991).

[58] N. Nader, E. J. Stanton, G. M. Brodnik, N. Jahan, S. C.
Weight, L. M. Williams, A. E. Dorche, K. L. Silverman,
S. W. Nam, S. B. Papp, and R. P. Mirin, Heterogeneous
tantala photonic integrated circuits for sub-micron wave-
length applications, Optica 12, 585 (2025).

[59] A. Isichenko, A. S. Hunter, D. Bose, N. Chauhan,
M. Song, K. Liu, M. W. Harrington, and D. J. Blumen-
thal, Sub-Hz fundamental, sub-kHz integral linewidth
self-injection locked 780 nm hybrid integrated laser, Sci-
entific Reports 14, 27015 (2024).

[60] X. Lu, L. Chang, M. A. Tran, T. Komljenovic, J. E. Bow-
ers, and K. Srinivasan, Emerging integrated laser tech-
nologies in the visible and short near-infrared regimes,
Nature Photonics 18, 1010 (2024).

[61] E. Di Gaetano, B. Keliehor, K. Gallacher, P. F. Griffin,
M. Sorel, E. Riis, and D. J. Paul, 778.1 nm distributed
feedback lasers for Rb two-photon atomic systems with
sub-4 kHz linewidths, APL Photonics 9, 056114 (2024).

[62] Z. Zhang, B. Shen, M. A. Tran, W. Lee, K. Asawa,
G. Kim, Y. Shen, T. J. Morin, A. Malik, J. E. Bow-
ers, T. Komljenovic, and C. Zhang, Photonic integration
platform for rubidium sensors and beyond, Optica 10,
752 (2023).

[63] M. A. Tran, C. Zhang, T. J. Morin, L. Chang, S. Barik,
Z. Yuan, W. Lee, G. Kim, A. Malik, Z. Zhang, J. Guo,
H. Wang, B. Shen, L. Wu, K. Vahala, J. E. Bowers,
H. Park, and T. Komljenovic, Extending the spectrum of
fully integrated photonics to submicrometre wavelengths,
Nature 610, 54 (2022).


