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A High-Performance Frequency Stability
Compact CPT Clock Based on a Cs-Ne Microcell

Rodolphe Boudot, Xiaochi Liu, Philippe Abbé,
Ravinder Chutani, Nicolas Passilly, Serge Galliou,
Christophe Gorecki, and Vincent Giordano

Abstract—This paper reports on a compact table-top Cs
clock based on coherent population trapping (CPT) with
advanced frequency stability performance. The heart of the
clock is a single buffer gas Cs-Ne microfabricated cell. Using
a distributed feedback (DFB) laser resonant with the Cs D,
line, the contrast of the CPT signal is found to be maximized
around 80°C, a value for which the temperature dependence
of the Cs clock frequency is canceled. Advanced techniques
are implemented to actively stabilize the clock operation on
a zero-light-shift point. The clock frequency stability is mea-
sured to be 3.8 x 10~11 at 1 s and well below 10— until 50000
s. These results demonstrate the possibility to develop high-
performance chip-scale atomic clocks using vapor cells contain-
ing a single buffer gas.

I. INTRODUCTION

THE combination of coherent population trapping
(CPT) physics [1] and micro electromechanical sys-
tems (MEMS) allows the development of chip-scale atom-
ic clocks (CSAC) [2] exhibiting a volume of a few cubic
centimeters, a power consumption of about 100 mW, and
a fractional frequency stability better than 10~1! at 1 day
or even 1 week integration time [3]. Such frequency refer-
ences, outperforming crystal quartz oscillators over long
time scales, are intended to provide excellent base timing
for numerous battery-operated portable applications, such
as telecommunication networks synchronization, naviga-
tion, military systems, or even power distribution and un-
derwater sensing [4].

The heart of a miniature atomic clock consists of a
hermetically sealed microfabricated cell containing alkali
vapor and a buffer gas atmosphere. On the one hand,
the buffer gas is required to reduce the CPT resonance
broadening resulting from depolarizing wall collisions and
to eliminate Doppler broadening through Lamb-Dicke
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narrowing [5]. On the other hand, the buffer gas causes
a temperature-dependent buffer gas pressure collisional
frequency shift of the clock transition. Traditionally, the
temperature coeflicient of the frequency shift is reduced
by mixing two buffer gases, each of which shifts the clock
frequency in opposite ways [6]-[8]. This technique is
widely used in commercially available optically pumped
devices. However, such a mixture is difficult to control ac-
curately in MEMS cells because of their small size and the
high temperatures involved in the anodic bonding process
required for their fabrication.

Most microfabricated cells are basically realized by
etching of a silicon wafer and subsequent anodic bonding
of a thin glass wafer to each side [9]. Our filling method
differs from traditional ones [10], [11] in that the Cs vapor
is generated only after complete sealing of the cell by local
heating of a side-cavity Cs metallic dispenser with a high-
power infrared laser source [12]. This method is intended
to reduce interactions with highly-reactive Cs chemistry
and to achieve a strong bonding quality [13]. Moreover, we
recently reported the first direct observation of a quadrat-
ic dependence on temperature of the Cs clock transition
around a so-called inversion temperature Ti,, of about
80°C in presence of a single Ne buffer gas [14]. The inver-
sion temperature, found to be similar in a pulsed Cs CPT
clock using centimeter-scale cells [15], was measured to be
independent of the Ne buffer gas pressure. These results
emerged as significantly interesting for the development
of simple-configuration high-performance miniature clocks
and justified deep characterizations of CPT resonances in
Cs-Ne microcells [16].

The short-term frequency stability of a passive atomic
clock is improved by both reducing the detected resonance
linewidth and increasing its signal-to-noise ratio. The best
reported short-term frequency stabilities of millimeter-
scale Cs-cell-based CPT clocks are measured to be 1 to 3
x 10710 at 1 s when operated with a laser resonant on the
D, line [2] and are improved to 2 to 4 x 10~1! [3], [11] by
using the Dj line. For integration times typically higher
than 1000 s, the clock frequency is subject to drift. This
is mainly due to collisional frequency shifts and light shift
phenomena. The first issue is solved by stabilizing the cell
temperature close to the inversion temperature, whereas
the total light shift can be canceled by fine adjustment of
the RF modulation index [17]-[20]. An additional servo
loop can then be implemented to lock the clock to the
point of minimum light shift [21]-[23].

In this paper, we present a compact CPT clock pro-
totype based on a Cs microfabricated cell filled with Ne,
combined with an externally-modulated DFB laser reso-
nant with the Cs Dj line. Implementation of advanced
techniques leads to frequency stability performance com-
parable to those of the best microcell-based CPT clocks.
These results prove for the first time that our Cs-Ne cell



Other experiment

0,658
0,656 ‘\
0,654

9.192 GHz

0,852

CPT signal (arb. units)

0,650

0,648
10 5 o 5 10

Raman detuning (kHz)

10 MHz
output signal

LCD driver

Fig. 1. Schematic of the Cs-Ne microcell-based coherent population trapping (CPT) clock. MS: 10-MHz quartz-oscillator-based microwave synthesiz-
er; EOM: electro-optic modulator; LCD: voltage-controlled liquid crystal plate attenuator; P: polarizer; HWP: half-wave plate; QWP: quarter-wave
plate; LA1: lock-in-amplifier-based servo for distributed feedback (DFB) laser frequency stabilization through modulation at 60 kHz of the laser bias
current; LA2: lock-in-amplifier-based servo for locking the local oscillator frequency to the CPT resonance transition, LA3: lock-in-amplifier-based

servo for light shift correction (LSC).

technology solution is compatible with the development
of miniature atomic clocks exhibiting high long-term fre-
quency stability performance.

II. EXPERIMENTAL SETUP

Fig. 1 presents the Cs CPT clock experimental setup.
The laser source is a commercially-available GaAs semi-
conductor DFB laser diode emitting at 894.6 nm on the
Cs D; line. A Faraday optical isolator is placed at the
output of the DFB laser to avoid optical feedback. Opti-
cal sidebands required to perform CPT spectroscopy are
generated by driving an external pigtailed phase electro-
optic modulator (EOM) at 9.192 GHz using a microwave
frequency synthesizer inspired from [24]. The fiber modu-
lator ensemble is inserted into a box with insulating foam
and is actively temperature-stabilized to the millikelvin
level to reduce output laser intensity fluctuations. No
phase noise degradation was observed between the mi-
crowave frequency synthesizer output and the 9.192-GHz
optically carried signal. The 2-mm-diameter collimated
laser beam is circularly polarized using a quarter-wave
plate. The laser power is 17 pW before entering the atom-
ic resonator. The atomic resonator consists of a 2-mm-
diameter and 1.4-mm-long cylindrical microfabricated
Cs vapor cell filled with Ne. The cell temperature T, is
stabilized close to 80°C, which corresponds to a Cs den-
sity of 4.05 x 1012 atoms/cm3. Temperature fluctuations
of the microcell are below the millikelvin level. A static
magnetic field of a few microteslas parallel to the laser
beam propagation direction is applied to split the hyper-
fine ground-state Zeeman transitions. The ensemble is sur-
rounded by a two-layer mu-metal magnetic shield. The
CPT resonance is monitored by detecting the laser power

transmitted through the cell using a low-noise photodiode.
The laser is frequency-stabilized near the center of the
homogeneously broadened absorption line by modulat-
ing the DFB laser current at 60 kHz and demodulating it
with the lock-in amplifier LA1. The atomic clock closed-
loop operation is achieved by a conventional synchronous
modulation-demodulation technique (~1 kHz frequency)
applied to the local oscillator frequency through the lock-
in amplifier LA2.

III. EXPERIMENTAL INVESTIGATIONS AND RESULTS

A typical CPT resonance observed in the Cs-Ne cell
for T..; = 80°C is reported in the inset of Fig. 1. The
resonance lineshape is well fitted by a Lorentzian function.
The full-width at half-maximum (FWHM) is measured to
be 1.6 kHz in correct agreement with theoretical values.
From [16], the hyperfine coherence relaxation rate vy is
calculated to be 4391 rad/s and the optical resonance ho-
mogeneous broadening I'*/27 is 862 MHz. At 80°C, con-
tributions to the CPT linewidth from wall-collisions and
spin-exchange collisions are about equal and clearly domi-
nant over buffer gas collisions. The contrast is measured
to be about 1.25%.

Fig. 2 shows both the CPT resonance contrast and
the clock frequency shift versus the cell temperature. The
CPT contrast is maximized in the 74°C to 81°C tempera-
ture range. A bell-shaped curve, already observed in [16],
[25], [26], is obtained. It is explained by an increase of the
alkali atomic density for temperatures up to 80°C. For
higher temperatures, the vapor medium becomes optically
thick and causes a strong reduction of the CPT signal. In
[16], with a vertical-cavity surface-emitting laser (VCSEL)
emitting at 852 nm, the CPT signal maximum with tem-



perature was measured to be in the 55°C to 60°C range for
quite similar Cs-Ne microcells (pressure and dimensions).
This can be qualitatively explained by intrinsic differences
between D; and Dy excitation lines hyperfine structures.
The Cs Dy line excited state is composed of 4 hyperfine
levels with a frequency separation (~150 to 250 MHz)
much lower than buffer-gas-induced optical broadening in
microfabricated cells. Both hyperfine levels of the Cs Dy
line are well-resolved and separated by about 1.16 GHz.
Also, some excited states on the Cs Dy line couple to
only one of the ground states and act as loss-channels for
the CPT interaction. Consequently, optical absorption is
stronger for the Cs Dy line and the alkali vapor becomes
optically thick for lower temperatures than in the Dy line
case. Moreover, we confirmed that the Cs clock frequency
temperature-dependence is canceled close to 80°C in the
presence of Ne. Using coefficients published in [8], a fit of
experimental points gives a Ne pressure of 79 Torr. This
cell allows the overlap of a zero-sensitivity of the clock fre-
quency to temperature variations and a maximum of CPT
contrast close to 80°C. This will lead to mutual improve-
ments of the clock long-term and short-term frequency
stability.

Combined with a greatly reduced sensitivity of the
clock frequency to temperature variations, the light shift
is continuously minimized using a method inspired by [21].
For this purpose, the laser power is slowly modulated at
15 Hz (12% depth) using a voltage-controlled liquid crys-
tal display (LCD) attenuator. This laser power modula-
tion is converted across the cell through the light shift
effect into a slight clock frequency modulation that can
be easily detected at the error signal output of the lock-
in amplifier LA2 used to stabilize the LO frequency. This
modulation signal is found to vanish close to a so-called
RF power zero-light-point driving the EOM. An addition-
al servo loop based on the lock-in amplifier LA3 is even-
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Fig. 2. Coherent population trapping (CPT) resonance contrast (filled
squares) and clock frequency shift (triangles) versus the cell temperature.
The solid line is a second-order polynomial function fit to the frequency
data. For a given temperature, each frequency shift is found from an ex-
trapolation to zero intensity of the light shift curve. The CPT contrast is
found to be optimized close to the clock frequency inversion temperature.
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Fig. 3. Coherent population trapping (CPT) resonance contrast (filled
squares) and light shift slope (triangles) versus the RF modulation pow-
er. The indicated RF power is before amplification of 24 dB. Close to
Prp = —2 dBm, the CPT resonance contrast is maximized and the light
shift can be cancelled. The cell temperature is 80°C. For each RF power,
the frequency shift is measured for 5 to 6 different laser intensity values
and is found to be well approximated by a linear function. Each triangle
point corresponds to the slope of this function.

tually added to lock the RF power point where no light
shift is present. For illustration, Fig. 3 plots both the light
shift slope and the CPT resonance contrast versus the RF
modulation power.

The light shift slope is measured to be negative for Prp
< —2 dBm, positive for Pgp > —2 dBm and can be nulled
by finely adjusting the RF power to Prr ~ —2 dBm.
Moreover, as shown in Fig. 3, this RF power coincides
with the one maximizing the CPT resonance contrast. It
corresponds well to the RF power maximizing the optical
power contained in the two resonant light fields. Such be-
havior was also reported in [21].
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Fig. 4. Allan deviation of the Cs coherent population trapping (CPT)
clock based on a Cs-Ne microcell. (circles): vertical-cavity surface-emit-
ting laser (VCSEL) D, line, no light shift correction, T, = 60°C, Ne
pressure = 60.7 Torr [16]; (squares): distributed feedback (DFB) Dy line,
light shift correction (LSC), T,y == 80°C, Ne pressure = 79 Torr.



Fig. 4 reports the frequency stability (Allan deviation)
of the CPT clock based on a Cs-Ne microcell. It is mea-
sured by comparison with a reference hydrogen maser.
Recent results obtained with a Ds-line VCSEL and a Cs-
Ne microcell (P = 60.7 Torr) are reported for comparison
[16]. In the present case, the short-term frequency stabil-
ity is measured to be 3.8 x 10~ at 1 s. It is in agreement
with a measured atomic Q-factor of 5.7 x 10% and a clock
resonance signal-to-noise ratio of 4500 in a 1 Hz band-
width. We measured that our laser power modulation for
the light shift correction degrades the optimal short-term
stability by a factor of about 1.5. The Allan deviation
curve decreases well with a 7-1/2 slope until 1000 s. After
1000 s, the Allan deviation increases again with a 7!/2
slope corresponding to a random-walk frequency noise.
The frequency stability is found to be 4 x 10~!2 at 40000
s. These results obtained with optimal laboratory-scale
electronics are comparable to those presented in [3], [22].

IV. CONCLUSIONS

We developed a compact prototype CPT clock based
on a Cs-Ne microfabricated vapor cell with an externally
modulated DFB diode laser. Advanced techniques such as
the use of the Dy line laser resonance, low-noise microwave
local oscillator, clock frequency temperature-dependence
cancellation and light-shift reduction techniques were im-
plemented. The clock frequency stability is close to 1 x
10~12 at 2000 s and 4 x 10~!2 at 50000 s. Despite the fact
that these results do not report a fully-integrated clock,
they prove for the first time the potential of the Cs-Ne
microcell solution to develop miniature atomic clocks with
high long-term frequency stability and confirm that our
original Cs microcell technology is compatible with such
developments.
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