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The combination of atomic spectroscopy, integrated
photonics and microelectromechanical systems
(MEMS) paves the road to the demonstration of
microcell-based optical atomic clocks. Here, we report the short-term stability budget of table-top Cs
microcell-stabilized lasers based on dual-frequency
sub-Doppler spectroscopy (DFSDS). The dependence
of the sub-Doppler resonance properties on key experimental parameters is studied. The detection noise
budget and absolute phase noise measurements are
in good agreement with the measured short-term
frequency stability of the laser beatnote, at the level
of 1.1 × 10−12 τ −1/2 until 100 s, currently limited by
the intermodulation effect from a distributed-feedback
laser setup. The fractional frequency stability of the
laser beatnote at 1 s is about 100 times better than those
of commercial microwave chip-scale atomic clocks
and validate the interest of the DFSDS approach for
the development of high-performance microcell-based
optical standards. © 2021 Optical Society of America
http://dx.doi.org/10.1364/ao.XX.XXXXXX

1. INTRODUCTION
The interrogation of an alkali vapor atom ensemble in a mmscale cell has allowed the development of a wide variety of
high-precision chip-scale atomic devices [1]. Among these instruments, miniaturized microwave atomic clocks based on coherent
population trapping (CPT) [2] have known a remarkable development and progress, including their commercialization [3], due
to their unrivaled size-power-frequency stability budget [4–7].
These clocks are now widely-used in numerous applications,
including underwater sensor networks, secure communications
or satellite-based navigation systems.
However, microwave CSACs suffer from drawbacks and limitations. These clocks use in general vertical-cavity surfaceemitting lasers (VCSELs) whose frequency noise and variations
can limit the clock frequency stability [7, 8]. In addition, the

presence of buffer gas pressure in the cell induces an important
frequency shift of the clock transition [9] that can limit the clock
mid-term frequency stability and jeopardize the establishment
of a clock accuracy budget.
Over the last decade, state-of-the-art microwave atomic clocks
(i.e. fountains [10]) have been outperformed by optical atomic
clocks that rely on the frequency stabilization of a low noise
laser onto a high quality-factor optical atomic transition [11–
16]. However, these instruments, making use of laser cooling,
lattice-confined atoms or trapped ions, remain complex and their
deployment outside the laboratory is challenging. To satisfy
applications with stringent SWaP (size-weight-power) specifications, an attractive approach concerns the development of
high-performance vapor cell-based optical clocks using Dopplerfree interrogation schemes [17].
In this domain, the two-photon transition at 778 nm in Rb vapor
is an attractive candidate due to its narrow natural linewidth
of about 300 kHz [18–20]. This approach was recently used for
the demonstration of a microcell-based optical clock with remarkable stability performances at the level of 4 × 10−12 τ −1/2
until 1000 s [21], later improved to 2.9 × 10−12 τ −1/2 until 100
s using a micro-optics breadboard [22]. More recently, using a
low noise external cavity diode laser (ECDL), the same group at
NIST reported a Rb-microcell optical frequency standard with an
exceptional frequency stability of 1.8 × 10−13 τ −1/2 until 100 s
[23]. The development of high-performance cell optical clocks
based on the alternative 780-776 nm two-photon transition in Rb
was also reported [24, 25] but, to our knowledge, no demonstration of this approach has been performed with a MEMS cell yet.
An alternative approach to the two-photon transition is the
well-known sub-Doppler spectroscopy (SDS) scheme [26, 27].
The latter has been widely-used for laser frequency stabilization with glass-blown vapor cells [28–33]. The use of SDS for
the development of microcell-based frequency-stabilized lasers
was investigated initially in [34] with the demonstration of a
micro-fabricated saturated absorption laser spectrometer and in
further studies [35–37]. In [37], the frequency stabilization of a
DBR laser onto a Rb microcell, using some light routing through
an integrated silicon nitride waveguide and grating system to
the cell, was demonstrated at the level of 10−11 for time scales up
to 104 s. SDS was also explored in hybrid setups, in combination
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Fig. 1. (a) Schematic of the experimental setup made of two microcell-stabilized lasers using dual-frequency sub-Doppler spec-

troscopy (DFSDS). Yellow lines indicate fibered sections. See the text for description. (b) Photograph of a Cs microfabricated cell. (c)
Photograph of the microcell physics package.
with a microresonator comb for direct-comb spectroscopy [38]
or an ultra-compact Fabry-Perot cavity [39].
In [40, 41], the detection of high-contrast sign-reversed naturallinewidth sub-Doppler resonances, explained in a detailed quantitative model [42], was reported using a dual-frequency subDoppler spectroscopy (DFSDS) technique. However, no detailed
resonance spectroscopy and short-term stability budget were
performed.
In the present paper, we report a detailed short-term stability budget of table-top Cs microcell-stabilized lasers based on
DFSDS. Two similar systems inside the same thermal enclosure
are compared. The first setup uses a distributed feedback (DFB)
laser while the second setup uses an external-cavity diode laser
(ECDL). Spectroscopy of the sub-Doppler resonance as a function of some key experimental parameters (laser power, cell
temperature and magnetic field) was performed first in order to
optimize the lasers’ short-term frequency stability. A detailed
noise analysis is then reported for each setup and found to be
in good agreement with the measured short-term stability of
1.1 × 10−12 τ −1/2 up to 100 s and absolute phase noise performances.

2. EXPERIMENTAL SETUP
Figure 1 shows the experimental setup. Two lasers (one distributed feedback (DFB, Eagleyard EYP-DFB-0895 model) laser
and one external cavity diode laser (ECDL, Toptica DL Pro) are
each frequency-stabilized onto a Cs microcell using DFSDS. The
first laser system uses a DFB laser diode tuned on the Cs D1
line at 895 nm followed by a 70 dB optical isolation stage. The
light is fiber-coupled into a Mach-Zehnder electro-optic modulator (EOM, iXblue NIR-MX800-LN-10) driven by a microwave
frequency synthesizer at 4.596 GHz in order to produce two
first-order optical sidebands split by 9.192 GHz. The light is
then sent into an acousto-optic modulator (AOM) driven at 110
MHz by a RF synthesizer. The AOM can be used for laser power
control and stabilization [43]. The +1-order is then directed
into an evacuated Cs vapor microfabricated cell containing a
pill Cs dispenser [44]. The laser beam diameter at the cell input
is about 2 mm. The cell is made of silicon cavities etched by
deep reactive ion etching (DRIE) and sandwiched between two

anodically-bonded borosilicate glass wafers. During the cell
fabrication, laser-activation of the pill dispenser is performed
gradually, i.e. with successive steps, in order to avoid excess of
alkali in the cell. Figure 1(b) shows a photograph of the microfabricated cell. Note that, over a period of several months, at
a cell temperature of 62◦ C used in clock operation, we did not
observe any significant appearance of Cs droplets on the cell
windows. The MEMS cell is held inside the physics package
shown in Fig. 1(c), which is surrounded by a mu-metal magnetic
shield. After the cell, the light impinges a quarter-wave plate
(QWP) and is reflected back by a mirror positioned to enhance
the constructive contribution of hyperfine Zeeman effects and
increase the sub-Doppler resonance contrast [42]. The reflected
light beam is then directed using a cube right before the cell to
a photodiode for the detection of the spectroscopic signal and
the generation of a derivative error signal using a lock-in amplifier (Stanford Research SR-860). The latter is then processed
in a proportional-integral (PI) controller to provide a correction
signal that is applied to the DFB laser current.
The second laser system is based on an ECDL. Similar EOM and
AOM references are used, except that the AOM of the ECDL
setup is driven at 80 MHz (instead of 110 MHz for the DFB
setup). This allows to directly produce a 30 MHz beat-note between the two laser setups. Before the EOM, on both setups,
a part of the laser beam is separated from the main beam and
fiber coupled. The two laser beams are then combined into one
single fiber and the resulting beat-note signal is measured by
a fast photo-diode. The output signal can be analyzed with a
frequency counter or a phase noise analyzer. The counter and
both microwave frequency synthesizers of the experiment are
all referenced to an active hydrogen maser.

3. EXPERIMENTAL RESULTS
A. Spectroscopy of the sub-Doppler resonance

Figure 2 shows spectra of sub-Doppler resonances, detected in
the bottom of absorption profiles, for both the DFB and ECDL
setups, used in clock configuration. The total laser power at the
input of the cell is about 450 µW. Due to a more favorable signal,
our study was performed by locking the laser frequency to the
Cs atom F 0 = 4 excited state. In this test, the signal height S of
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Fig. 2. Spectra of sub-Doppler resonances detected in Cs vapor

microfabricated cells, for optimized clock short-term stability,
for both laser setups. Cell temperatures are 63◦ C and 62◦ C, for
the DFB and ECDL setup respectively.
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Fig. 4. Signal height, FWHM and signal/FWHM ratio of the

sub-Doppler resonance versus the cell temperature incident
in the MEMS cell, for both laser setups. For this measurement,
the laser power is 600 µW for both the DFB and ECDL setups.
maximum above 72◦ C. The trend of the S/FWHM ratio curve
shows a maximum at 63◦ C and 62◦ C for DFB and ECDL setups,
respectively. We note that the ECDL setup yields a S/FWHM
ratio about 30 % higher than the DFB setup.
A last investigation was performed on the static magnetic field
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Fig. 3. Signal height, FWHM and signal/FWHM ratio of the

sub-Doppler resonance versus the laser power entering the
MEMS cell, for both laser setups. The cell temperatures are 63
and 62◦ C, for the DFB and ECDL setups respectively.

the sub-Doppler resonance is 126 mV for the DFB setup and 138
mV for the ECDL setup. The FWHM of the sub-Doppler resonance is 14.7 MHz and 14.2 MHz for the DFB and ECDL setup,
respectively. Spectroscopy of these sub-Doppler resonances was
performed to evaluate the impact of key experimental parameters, mainly the laser power, the cell temperature and the static
magnetic field.
Figure 3 depicts the signal height S, the FWHM and the
S/FWHM ratio versus the laser power measured right in front
of the cell for both setups. In the DFB setup case, no data points
were recorded for laser power higher than 600 µW, due to limited power at the output of the AOM. We observe a clear increase
of the resonance signal and FWHM with increased laser power.
The slope of the S/FWHM ratio dependence to laser power is
reduced for power values higher than about 300 µW.
We did a similar study with the cell temperature, with results
shown in Fig. 4. In both setups, the signal is maximized at
a temperature of about 65-67◦ C, while the FWHM reaches a
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Fig. 5. FWHM, signal and signal/FWHM ratio of the sub-

Doppler resonance versus the static magnetic field experienced by the atoms, for both laser setups. The cell temperatures are 63 and 62◦ C, for the DFB and ECDL setups respectively.
B experienced by the atoms by changing the current applied to
the Helmholtz coils (see Fig. 1(c)). Calibration of the magnetic
field-versus-current dependence was performed by replacing
the Cs cell by a buffer-gas filled Cs-Ne microcell, and the reflexion mirror by a photodiode to detect laser power at the direct
output of the cell and scanning the microwave frequency to detect microwave CPT resonances. The application of the static
magnetic field raises the Zeeman degeneracy, from which the
actual applied magnetic field was extracted by measuring the
frequency change of the magnetic-field sensitive hyperfine Zeeman transition between both m F = +1 sub-levels (with m F the
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Table 1. Short-term noise and stability budget, for both DFB

and ECDL setups.
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Fig. 6. Detection noise at the photodiode output for both se-

tups (DFB and ECDL). Measurements are performed with a
phase noise analyzer (Rohde-Schwarz FSWP). Black curves
represent the detection noise with the photodiode in the dark.
Blue curves depict an image of the laser amplitude (AM) noise,
with activation of the laser power servo. For this purpose, the
laser frequency is tuned out of optical resonance and the laser
power impinging the photodiode is reduced with a neutral
density filter to be comparable to the incident one in clock configuration. Green curves yield an image of the free-running
laser frequency noise (FM). Light green curves correspond to
the total detection noise at the photodiode output in locked
laser frequency configuration.
quantum number) with the applied current. The sub-Doppler
resonance is narrowed with increased magnetic field. This narrowing effect, predicted in [41] (fig. 20), is explained by the
increase of the Doppler profile height with higher values of B,
in conjunction with the fact that, under low magnetic field values, the absorption value at the center of the resonance does not
change. Note also that the signal/FWHM ratio of sub-Doppler
resonances is maximized as expected at null magnetic field for
both setups [41].
B. Noise budget and absolute phase noise

Main noise source contributions to the short-term frequency
stability of each laser setup are the photon shot noise, the photodetector noise (in the dark), the laser amplitude (AM) noise,
the laser frequency noise through the FM-AM conversion process and the intermodulation effect due to the intrinsic phase
noise (frequency noise) of the free-running laser. For a first estimation, we only consider white-noise sources.
The shot-noise contribution σsn is given by [45]:
s
∆ν 2 2hν0 1
σsn (τ ) =
(1)
ν0 C2 Po τ
with ∆ν being the sub-Doppler resonance linewidth (FWHM), h
the Planck constant, ν0 the laser frequency (3.35 × 1014 Hz for the
Cs D1 line), Po the optical power incident on the photodiode and
C the contrast of the resonance, defined as the ratio between the
sub-Doppler resonance signal height S and the dc background
level in the bottom of the sub-Doppler resonance.
The contribution of the photodetector noise σpd is given by:
s
2
1 σD
1
σpd (τ ) =
(2)
2
ν0 Sl2 τ
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2 being the power spectral density (PSD) of voltage noise
with σD
at the output of the photodiode in the dark measured at the offset
frequency f = f M , where f M is the laser modulation frequency,
while Sl = S/∆ν is the sub-Doppler resonance signal/linewidth
ratio. The contribution of laser AM and laser FM noise is extracted in a similar way by measuring the PSD of voltage noise
at f M in respective conditions where the laser frequency is out of
optical resonance or at half-height of the sub-Doppler resonance
profile, respectively.
The free-running laser phase noise can limit the final laser shortterm frequency stability through the intermodulation effect [46],
with the contribution:
r
f q
1
σint (τ ) ' M S ϕ (2 f M )
(3)
ν0
τ

with S ϕ (2 f M ) the PSD of the laser phase noise fluctuations in
rad2 /Hz measured at f = 2 f M .
The detection noise can be also degraded by the laser amplitude
(AM) noise and the intrinsic laser frequency noise (FM). Their
contributions, σAM− AM and σFM− AM , are respectively obtained
by:
s
1 σ2 (∆V/∆P)2 1
σAM− AM (τ ) ' ( )2 P
(4)
ν0
τ
Sl2
s
σFM− AM (τ ) '

(

1 2 σν20 (∆V/∆ν0 )2 1
)
ν0
τ
Sl2

(5)

with σP2 the PSD of laser power fluctuations, in W2 /Hz, at
f = f M (measured without the cell for a laser power Po impacting the photodiode) and ∆V/∆P is the fluctuation of the
clock resonance signal induced by a laser power variation in
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V/W. We note also σν20 and ∆V/∆ν0 the measured signal sensitivity to the laser frequency in V/Hz.
Following the spectroscopy tests described above, we performed
a detection noise analysis on both setups in order to evaluate
the contribution of main noise sources on the laser beatnote
short-term frequency stability. Corresponding noise spectra are
shown, for both setups, in Fig. 6. Using equations reported
above and resonance spectra shown in Fig. 2, Table 1 summarizes the key parameters of each laser setup and the respective
contributions to the short-term noise budget. We calculate that
the laser beatnote short-term stability should be limited at the
level of about 1.6 × 10−12 at 1 s by the DFB setup. In the DFB
setup, the main noise contribution to the total budget is the laser
phase noise through the intermodulation effect. The expected
short-term stability at 1 s of the ECDL setup is estimated at the
level of 7.8 × 10−13 at 1 s and is currently mainly limited by the
intermodulation effect and the FM-AM noise conversion process.
We note that the contribution of the total detection noise of the
ECDL setup has the potential to be reduced by about 10 dB by
operating the ECDL setup with f m = 500 kHz instead of 62 kHz
( f m currently limited by the ECDL head controller electronics).
In this case, the short-term instability of the ECDL setup should
be reduced to a few × 10−13 at 1 s.
For confirmation of the results presented in Table 1, we have
performed absolute phase noise measurements of the laser beatnote, shown in Fig. 7, in two different situations. In the first one,
only the DFB laser is locked while the ECDL is free-running.
In this case, the phase noise spectrum exhibits a clear f −3
slope, signature of a flicker frequency noise. Following the
well-known power law such that S ϕ ( f ) = ∑0i=−4 bi f i [47], we
2 /Hz, yielding an expected Allan deextract b−3 = 93 dBrad
r

We performed a measurement of the laser beatnote short-term
fractional frequency stability. In this test, the laser power is
about 450 µW at the input of both cells and cell temperatures
are fixed at 62 and 63◦ C, for the ECDL and DFB, respectively.
Results are shown on Fig. 8.
The Allan deviation is 1.1 × 10−12 τ −1/2 for integration times
up to 100 s. This result is in good agreement with the short-term
stability expected from the detection noise budget (1.6 × 10−12 )
and absolute phase noise performances (9.8 × 10−13 ), reported
in section B. These stability results are competitive with those obtained in [21, 22] (DFB laser-based Rb microcell optical frequency
reference) for integration times up to 100 s and are encouraging
for further exploration of this approach. They also compare favorably with recent results reported with DFSDS in a 10 cm long
Rb vapor cell [48]. As suggested by our detection noise budget, the individual stability of the DFSDS-based microcell ECDL
should be at the level of 8 × 10−13 at 1 s in current conditions
and should even be further improved by increasing the laser
modulation frequency and servo bandwidth to a few hundreds
of kHz. These previsions will be experimentally tested in a near
future by comparing the present microcell-stabilized ECDL to
an ultra-stable 895 nm signal generated from a lab-prototype
cavity-stabilized laser [49], with the help of an optical frequency
comb.
For integration times higher than 100 s, we currently observe
a degradation of the clock stability, yielding the level of 1.9 ×
10−13 at 103 s and 6.3 × 10−13 at 4000 s. We note that this result
at 4 × 103 s is more than 10 times better than the one reported
in our previous study [42]. This improvement is probably due
to an improved global thermal control of the experiment. The
blue curve in Fig. 8 shows the deviation with application of a
linear drift removal on experimental frequency data. In this case,
the Allan deviation is slightly improved for τ > 250 s, yielding
2 × 10−13 at 4 × 103 s. Studies are in progress to evaluate the
contribution of main frequency shifts and improve the lasers’
mid-term stabilities.

or without drift removed.
C. Short-term frequency stability

viation σy (1s) =

2 ln 2 bν−23 = 1.6 × 10−10 . When both lasers
0

are locked, the slope of the phase noise spectrum turns to f −2 ,
signature of the expected white frequency noise, for offset frequencies lower than about 1.5 kHz. In this case, we extract
b−2 = 53 r
dBrad2 /Hz, yielding an expected Allan deviation
σy (1s) =

b− 2
ν02

= 9.4 × 10−13 . This value is in agreement with

the expected 1.6 × 10−12 stability limit reported in Table 1 from
the detection noise budget.

4. CONCLUSIONS
In conclusion, we have characterized the short-term stability
budget of two lasers (one DFB laser and one ECDL) frequencystabilized with Cs microfabricated cells using the dual-frequency
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sub-Doppler spectroscopy (DFSDS) technique. The laser beatnote short-term frequency stability was measured at the level of
1.1 × 10−12 at 1 s, in good agreement with the detection noise
budget and absolute phase noise measurements. The short-term
stability of the laser beatnote is limited by the intermodulation
effect contribution induced by the frequency noise of the DFB
laser. We believe that demonstrating a frequency stability at 1 s
in the 10−13 range, using a low noise ECDL locked to a microfabricated cell with a high servo bandwidth (a few 100 kHz), is a
reasonable objective with the DFSDS approach. Further studies
will be performed in a near future in this direction, combined
with efforts to improve the laser mid-term stability, currently
at the level of 6.3 × 10−13 at 4 × 103 s. In addition, the enhanced compacity of the DFSDS-based laser system might be
envisioned by using a directly-modulated laser [50] (to suppress
the EOM), by replacing the AOM with a liquid crystal device or
by benefiting from integrated photonics systems [51, 52].
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