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We describe a high-performance optical frequency reference based on dual-frequency sub-Doppler spec-

troscopy (DFSDS) using a Cs vapor microfabricated cell and an external-cavity diode laser at 895 nm.

Measured against a reference optical signal extracted from a cavity-stabilized laser, the microcell-stabilized

laser demonstrates an instability of 3 x 10713 at 1 s, in agreement with a phase noise of 440 dBrad’/Hz at
1 Hz offset frequency, and below 5 x 10~ '# at 10? s. The laser short-term stability limit is in good agreement
with the intermodulation effect from the laser frequency noise. These results suggest that DFSDS is a
valuable approach for the development of ultra-stable microcell-based optical standards.
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Best optical atomic clocks, which rely on the frequency sta-

bilization of a laser onto the ultra-narrow optical transition of
laser cooled and lattice-trapped atoms, achieve unprecedented
fractional frequency instabilities in the low 107! range [1-4].
These exceptionally-precise instruments permit to envision a
new definition of the SI second [5], enable geodesy below the
centimeter level [6, 7] by probing the gravitational red shift [8],
test fundamental laws of nature [9, 10], and might contribute
to the detection of gravitational waves [11] or dark matter [12].
However, these clocks are bulky and complex, making their de-
ployment outside the laboratory challenging and limited to a
restricted number of mobile demonstrators [13].
For applications that require compactness and low-power con-
sumption while being less stringent in terms of fractional fre-
quency stability, thermal cell-based optical frequency references,
that benefit from a higher operation frequency than their mi-
crowave counterparts [14, 15], constitute an attractive alterna-
tive option [16]. Sub-Doppler spectroscopy approaches, that
rely on the interaction of thermal atoms or molecules with two
counter-propagating laser beams in a cell, have met a remarkable
success, including in space applications [17]. With the significant
progress in microelectromechanical systems (MEMS) cell tech-
nologies and integrated photonics, these methods have known,
over the last years, a significantly-renewed interest towards the
development of chip-scale optical clocks.

Saturated absorption spectroscopy (SAS) [18], widely-used with
glass-blown cells [19, 20], was used to stabilize the frequency
of a distributed-Bragg resonator (DBR) laser at the 10~!! level
up to 10* s, with Rb atoms in a microfabricated cell [21]. In [22],
a fully-integrated optical frequency reference using SAS in a
glass-blown Rb cell with a DBR laser, was demonstrated with a
stability of 1.4 x 10712 at 1 s and better than 107! at 1 day. Also,
stabilization of an external-cavity diode laser (ECDL) on the
Cs atom 65, /; - 7Py /; transition at 459 nm was demonstrated,
achieving the level of 2.1 x 10-¥ at1sina5-cm long cell [23].
Doppler-free two-photon spectroscopy of the 551/, - 5Ds /5
transition at 778 nm in Rb vapor [24, 25] is also attractive. This
method led to the demonstration of a Rb optical clock with a
frequency stability of 4 x 10713 at 1sand 7 x 10715 at 1 day [26].
The same transition explored in a MEMS Rb cell [27] yielded an
Allan deviation at 1 s of 2.9 x 10712 with a DBR laser [28] and
1.8 x 10~ '3 with an ECDL [29]. Prototypes using the 780-776 nm
Rb two-photon transition were demonstrated [30].
Dual-frequency sub-Doppler spectroscopy (DFSDS) was also
proposed [31, 32]. In this method, atoms in a cell interact with
two counter-propagating dual-frequency laser fields, imply-
ing, for the specific class of atoms with velocities orthogonal
to the laser beams, the destruction of hyperfine and Zeeman
dark states, and leading to the detection of high-contrast sign-
reversed sub-Doppler resonances. With this approach, a laser
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Fig. 1. Experimental set-up for characterization of the microcell-stabilized ECDL 1. The ECDL 2, tuned at 895 nm, is phase-locked
to the 895 nm-tooth line of an optical frequency comb phase-locked to a cavity-stabilized laser. The ECDL 2 signal is then trans-
ferred to a neighboring lab using a low-noise compensated fiber link, at the output of which a beatnote signal, obtained with the
microcell-stabilized ECDL 1, can be counted and analyzed. For stability and frequency shift measurements, the cavity-stabilized
laser could be phase-locked to an active hydrogen maser (HM) for improved stability after 100 s. ECDL: external-cavity diode laser,
NLF: non-linear fiber, PLL: phase-locked loop, PID: proportional-integral correction, PBS: polarizing beam splitter, PD: photodiode,

AOM: acousto-optic modulator, FM: Faraday mirror.
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Fig. 2. Sub-Doppler resonance detected in the Cs microfabri-
cated cell using DFSDS. The sub-Doppler resonance exhibits
a signal amplitude S of 127 mV, a linewidth Av of 15.6 MHz,
and a contrast C = S/yg = 0.57, with yj the signal level at the
bottom of the sub-Doppler resonance.

beatnote between microcell-stabilized lasers achieved a stability
of 1.1 x 107! at 1 s [33]. In this study, stability of an ECDL was
limited by the laser frequency-modulation (FM) noise through
the intermodulation effect [34], due to application of a relatively
small modulation frequency (fy1~ 62 kHz).

In this Letter, we report on the characterization of a narrow-
linewidth 895 nm ECDL stabilized onto a Cs MEMS cell using
DFSDS. A higher modulation frequency (1 MHz) is now used.
Measured against an ultra-stable 895 nm signal extracted from

an optical frequency comb phase-locked to a cavity-stabilized
laser, an Allan deviation of 3 x 107!3 at 1 s, averaging down
below 5 x 10~ at 100 s, is obtained. The stability at 1 s, in agree-
ment with the laser beatnote phase noise of +40 dBrad? /Hz at
1 Hz offset frequency, remains limited by the intermodulation
effect [34] from the ECDL FM noise.

Figure 1 shows a schematic of the experimental setup. The
microcell-laser is based on the commercial ECDL 1, with 70 dB
of optical isolation at the output. The laser field is modulated at
4.596 GHz by driving a fibered Mach-Zehnder electro-optic mod-
ulator (EOM) with a microwave frequency synthesizer, such that
two first-order optical sidebands frequency-split by 9.192 GHz
are obtained. Active carrier suppression is achieved by tuning
finely the EOM bias voltage [35]. An acousto-optic modula-
tor (AOM 1), placed at the output of the EOM, is used to con-
trol the total laser power. The laser light is sent through a pill
dispenser-based Cs vapor microfabricated cell [36]. Atom-light
interaction takes place in a 4.7 mm? cylindrical silicon-etched
cavity. The cell is housed in a cm-scale temperature-controlled
duralumin holder and surrounded by a mu-metal shield. At
the cell output, the light is reflected back by a mirror to provide
orthogonally-polarized counter-propagating laser beams, and
directed by a polarizing beam splitter (PBS) to a photodiode
(PD1) that delivers the sub-Doppler atomic resonance signal,
shown in Fig. 2. An error signal, obtained through synchronous
modulation-demodulation technique (frequency fj; = 1 MHz),
is then extracted and processed in a proportional-integral (PI)
controller to correct the laser dc current and piezo actuator for
stabilization of the laser frequency onto the atomic resonance.
The characterization of the ECDL 1 is performed by comparing
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Fig. 3. (a) Phase noise of the laser beatnote between the
ECDL 1 and ECDL 2, in locked conditions. (b) Overlapping
Allan deviation of the laser beatnote between the ECDL 1

and the ECDL 2 (red curve). The Allan deviation of the
cavity-stabilized laser was measured at 10 GHz by frequency-
dividing the optical signal with a frequency comb, and making
the comparison with a cryogenic sapphire oscillator (CSO). In
the first case (green curve), the 1542 nm laser is only stabilized
to the ULE reference cavity. In the second case (blue curve),
the phase of this laser is also steered by the phase of a hydro-
gen maser to suppress the drift of the cavity. In this test, the
stability degradation after 3000 s is due to the CSO.

its output signal to an ultra-stable 895 nm optical reference signal.
A laser tuned at A = 1542 nm is first frequency-stabilized to an
ultra-stable ultra-low expansion (ULE) glass cavity [37]. A fiber-
based femtosecond laser, with a repetition rate of 250 MHz, is
fully stabilized using two phase-locked loops (PLL): one to lock
the repetition rate signal onto the cavity-stabilized laser and a
second one to control the carrier-envelop-offset signal frequency
using a hydrogen maser (HM). The optical frequency comb emit-
ted by this laser is amplified and sent into a highly non-linear
fiber (HNLF), at the output of which an optical grating is used to
extract light power around A = 895 nm. This signal is sent to the
photodiode PD4. The local ECDL 2, tuned at A = 895 nm, is then
phase-locked onto the comb mode. A Doppler-compensated
fiber-link, shown on Fig. 1, based on a Michelson-type interfer-
ometer and comparable to the one described in [38], was then
implemented to transfer the cavity-stabilized ECDL 2 signal to
the neighboring (~ 20 m) ECDL 1 laboratory room. Ultimately,
the beatnote obtained with the fast photodiode PD5 between
the ECDL 1 and the ECDL 2 is band-pass filtered, amplified and
analyzed with a frequency counter or phase noise analyzer.

Figure 3(a) shows the absolute phase noise of the laser beatnote
between the ECDL 1 and ECDL 2, in locked conditions. In the
1 - 10 Hz region, the phase noise spectrum exhibits a f 2 slope,
signature of white frequency noise, yielding + 40 dBrad?/Hz at
f = 1Hz, from which an Allan deviation of 3 x 10713 at 1 s[39]
can be predicted. The residual phase noise of the compensated

Table 1. Contributions of main noise sources to the short-term
stability of the microcell-stabilized ECDL 1. Methodology and
formula reported in [33] are used

. The laser power at the cell input is 450 yW. PD dark: photode-
tector noise in the dark. AM noise: amplitude modulation noise.

Noise source o(1s)

Shot noise 35 x 10715
PD dark 1.5 x 10714
Laser AM-AM noise 2.8 x 10714
Laser FM-AM noise 3 x 10714
Intermodulation 15 x 10713
oy (1's) 15 x 10713

fiber-link was measured to be orders of magnitude lower than
the microcell-stabilized ECDL 1, at the level of —57 dBrad?/Hz
at f =1 Hz, comparable with the one obtained in [38].

The Allan deviation of the laser beatnote, shown in Fig. 3(b)
(red curve), is in good agreement with the phase noise measure-
ment. It is measured to be 3 x 10713 at 1 s, averaging down
below 5 x 10~ at 100 s. The laser stability was found to be
degraded for integration times higher than a few 100 s. Misalign-
ments between both counter-propagating beams are suspected
to be an important contribution to this degradation [40]. The
fractional frequency stability of the comb stabilized on the 1542
nm reference laser was evaluated by extracting a low noise 10
GHz signal [41] from the comb and beating it with a cryogenic
sapphire oscillator (CSO) (green curve in Fig. 3(b)). From that
beatnote, we observe a drift of ~ 10716 7 attributed to the refer-
ence ULE cavity that significantly contributes to the evaluation
of the microcell-laser after ~ 100 s. To overcome this limitation,
a drift compensation system of the reference laser, based on a
comparison through the fs laser with the highly stable phase
of an hydrogen maser signal, was implemented. The control
loop is closed with a time constant of about 100 s and acts on
the modulation frequency of the AOM 2. The improvement on
the stability of the comb is reported on Fig. 3(b) (in blue). In this
case, the comb laser instability is clearly lower than the microcell-
laser, ensuring that the performance of the microcell-laser is well
identified. In this measurement, the stability degradation for
integration times higher than 4 x 10% s is due to the CSO.

We have established the short-term noise budget of the ECDL
1. The latter is reported in Table 1. The main contribution to the
stability at 1 s of the ECDL 1 is the intermodulation effect in-
duced by the ECDL FM noise. This contribution, extracted from
a measured laser phase noise of —86 dBrad?/Hz at f = 2f; =
2 MHz, is estimated at 1.5 x 1013 [33]. Next main noise contri-
butions are estimated one order of magnitude below, in the low
104 range. This analysis suggests that a significant margin of
progress still exists for improving the stability of such microcell-
stabilized atomic frequency references. In this domain, the use
of ultra-narrow pre-stabilized chip-scale lasers with reduced FM
noise [42, 43] appears as an attractive research path to explore.
In conclusion, we have demonstrated the frequency stabiliza-
tion of an ECDL at 895 nm onto a Cs microfabricated cell using
DFSDS. The laser exhibits a phase noise of +40 dBrad?/Hz at
1 Hz offset frequency, and a fractional frequency stability of
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3 x 10713 at 1 s and better than 5 x 10~ # at 100 s. The main con-
tribution to the short-term stability of the microcell-ECDL is the
intermodulation effect. The stability at 1 s of the microcell-ECDL
approaches the one demonstrated with the two-photon transi-
tion at 778 nm in a Rb microcell [29] and demonstrates that the
DFSDS technique is a valuable technique for the development
of high-stability microcell-based optical references.
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