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We demonstrate a vapor cell atomic clock prototype based on continuous-wave (CW) interro-
gation and double-modulation coherent population trapping (DM-CPT) technique. The DM-CPT
technique uses a synchronous modulation of polarization and relative phase of a bi-chromatic laser
beam in order to increase the number of atoms trapped in a dark state, i.e. a non-absorbing state.
The narrow resonance, observed in transmission of a Cs vapor cell, is used as a narrow frequency
discriminator in an atomic clock. A detailed characterization of the CPT resonance versus numerous
parameters is reported. A short-term frequency stability of 3.2 x 107187712 up to 100 s averaging
time is measured. These performances are more than one order of magnitude better than industrial
Rb clocks and comparable to those of best laboratory-prototype vapor cell clocks. The noise bud-
get analysis shows that the short and mid-term frequency stability is mainly limited by the power
fluctuations of the microwave used to generate the bi-chromatic laser. These preliminary results
demonstrate that the DM-CPT technique is well-suited for the development of a high-performance
atomic clock, with potential compact and robust setup due to its linear architecture. This clock
could find future applications in industry, telecommunications, instrumentation or global navigation

satellite systems.

I. INTRODUCTION

Microwave Rb vapor-cell atomic clocks [1], based on
optical-microwave double resonance, are today ubiqui-
tous timing devices used in numerous fields of industry in-
cluding instrumentation, telecommunications or satellite-
based navigation systems. Their success is explained by
their ability to demonstrate excellent short-term frac-
tional frequency stability at the level of 10~ /2 com-
bined with a small size, weight, power consumption and a
relatively modest cost. Over the last decade, the demon-
stration of advanced atom interrogation techniques (in-
cluding for instance pulsed-optical-pumping (POP)) us-
ing narrow-linewidth semiconductor lasers has conducted
to the development in laboratory of new-generation vapor
cell clocks [2-5]. These clocks have succeeded to achieve
a 100 times improvement in frequency stability compared
to existing commercial vapor cell clocks.

In this domain, clocks based on a different phe-
nomenon, named coherent population trapping (CPT),
have proven to be promising alternative candidates.
Since its discovery in 1976 [6], coherent population trap-
ping physics [7-10] has motivated stimulating studies in
various fields covering fundamental and applied physics
such as slow-light experiments [11], high-resolution laser
spectroscopy, magnetometers [12, 13], laser cooling [14]
or atomic frequency standards. Basically, CPT occurs by
connecting two long-lived ground state hyperfine levels of
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an atomic specie to a common excited state by simulta-
neous action of two resonant optical fields. At null Ra-
man detuning, i.e. when the frequency difference between
both optical fields matches perfectly the atomic ground-
state hyperfine frequency, atoms are trapped through a
destructive quantum interference process into a nonin-
teracting coherent superposition of both ground states,
so-called dark state, resulting in a clear decrease of the
light absorption or equivalently in a net increase of the
transmitted light. The output resonance signal, whose
line-width is ultimately limited by the CPT coherence
lifetime, can then be used as a narrow frequency dis-
criminator towards the development of an atomic fre-
quency standard. In a CPT-based clock, unlike the tra-
ditional double-resonance Rb clock [15], the microwave
signal used to probe the hyperfine frequency is directly
optically carried allowing to remove the microwave cavity
and potentially to shrink significantly the clock dimen-
sions.

The application of CPT to atomic clocks was firstly
demonstrated in a sodium atomic beam [16, 17]. In
1993, N. Cyr et al proposed a simple method to pro-
duce a microwave clock transition in a vapor cell with
purely optical means by using a modulated diode laser
[18], demonstrating its high-potential for compactness.
In 2001, a first remarkably compact atomic clock pro-
totype was demonstrated in NIST [19, 20]. Further in-
tegration was achieved later thanks to the proposal [21]
and development of micro-fabricated alkali vapor cells
[22], leading to the demonstration of the first chip-scale
atomic clock prototype (CSAC) [23] and later to the first
commercially-available CSAC [24]. Nevertheless, this ex-
treme miniaturization effort induces a typical fractional
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frequency stability limited at the level of 10~107~1/2,
not compliant with dedicated domains requiring better
stability performances. In that sense, in the frame of
the European collaborative MClocks project [25], signif-
icant efforts have been pursued to demonstrate compact
high-performance CPT-based atomic clocks and to help
to push this technology to industry.

In standard CPT clocks, a major limitation to reach
better frequency stability performances is the low con-
trast (C, the amplitude-to-background ratio) of the de-
tected CPT resonance. This low contrast is explained
by the fact that atoms interact with a circularly po-
larized bichromatic laser beam, leading most of the
atomic population into extreme Zeeman sub-levels of the
ground state, so called "end-states”. Several optimized
CPT pumping schemes, aiming to maximize the num-
ber of atoms participating to the clock transition, have
been proposed in the literature to circumvent this issue
([26, 27], and references therein), but at the expense of
increased complexity.

In that sense, a novel constructive polarization mod-
ulation CPT [28] pumping technique, named double-
modulation (DM) scheme, was recently proposed. It
consists to apply a phase modulation between both op-
tical components of the bichromatic laser synchronously
with a polarization modulation. The phase modulation
is needed to ensure a common dark state to both po-
larizations, allowing to pump a maximum number of
atoms into the desired magnetic-field insensitive clock
state. This elegant solution presents the main advan-
tage compared to the push-pull optical pumping [29-
31] or the linLlin technique [32, 33] to avoid any opti-
cal beam separation or superposition and is consequently
well-adapted to provide a compact and robust linear ar-
chitecture setup.

In this article, we demonstrate a high-performance
CW-regime CPT clock based on the DM technique. Op-
timization of the short-term frequency stability is per-
formed by careful characterization of the CPT resonance
versus relevant experimental parameters. A short-term
frequency stability at the level of 3.2 x 10~ 37=/2 up to
100 s, comparable to best vapor cell frequency standards,
is reported. A detailed noise budget is given, highlighting
a dominant contribution of the microwave power fluctu-
ations. Section II describes the experimental setup. Sec-
tion IIT reports the detailed CPT resonance spectroscopy
versus experimental parameters. Section IV reports best
short-term frequency stability results. Noise sources lim-
iting the stability are carefully analysed. In section V,
we study the clock frequency shift versus each param-
eter and estimate the limitation of the clock mid-term
frequency stability.

II. EXPERIMENTAL SET-UP
A. Optical set-up

Our setup is depicted in Fig. 1. A DFB laser diode
emits a monochromatic laser beam around 895 nm, the
wavelength of the Cs D; line. With the help of a fiber
electro-optic phase modulator (EOPM), modulated at
4.6 GHz with about 26 dBm microwave power, about
70% of the carrier power is transferred into both first-
order sidebands used for CPT interaction. The phase
between both optical sidebands, so-called Raman phase
in the following, is further modulated through the driving
4.6 GHz microwave signal. Two acousto-optic modula-
tors (AOMs) are employed. The first one, AOMI, is used
for laser power stabilization. The second one, AOMZ2,
allows to compensate for the buffer-gas induced optical
frequency shift (= 160 MHz) in the CPT clock cell. A
double-modulated laser beam is obtained by combining
the phase modulation with a synchronized polarization
modulation performed thanks to a liquid crystal polar-
ization rotator (LCPR). The laser beam is expanded to
9mm x 16 mm before the vapor cell. The cylindrical Cs
vapor cell, 25 mm diameter and 50 mm long, is filled with
15 Torr of mixed buffer gases (argon and nitrogen). Un-
less otherwise specified, the cell temperature is stabilized
to about 35°C. A uniform magnetic field of 3.43nT is
applied along the direction of the cell axis by means of
a solenoid. The ensemble is surrounded by two magnetic
shields in order to remove the Zeeman degeneracy.
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FIG. 1. (Color online) Optical setup for DM CPT, where
the abbreviations stand for: DFB distributed feedback diode
laser, EOPM electro-optic phase modulator, LCPR liquid
crystal polarization rotator, AOM acousto-optic modulator,
P polarizer, A\/2(4) half(quarter)-wave plate, BG buffer gas,
PD photodiode.

B. Fiber EOPM sidebands generation

We first utilized a Fabry-Perot cavity to investigate
the EOPM sidebands power ratio versus the coupling
4.596 GHz microwave power (P, ), see Fig. 2. We choose
P, around 26 dBm to maximize the power transfer effi-
ciency into the first-order sidebands. The sidebands spec-
trum is depicted in the inset of Fig. 2.
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FIG. 2. (Color online) Fractional power of laser sidebands
at the EOPM output as a function of 4.596 GHz microwave
power. Inset, the laser sidebands spectrum with P,., =
26.12 dBm obtained by scanning the FP cavity length, notice
the log scale of the y-axis.

C. Laser power locking
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FIG. 3. (Color online)Power spectral density of the laser RIN
with and w/o power locking.

Since the laser intensity noise is known as being one
of the main noise sources which limit the performances
of a CPT clock [10, 31], laser power needs to be care-
fully stabilized. For this purpose, a polarization beam
splitter (PBS) reflects towards a photo-detector a part
of the laser beam, the first-order diffracted by AOMI1
following the EOPM. The output voltage signal is com-
pared to an ultra-stable voltage reference (LT1021). The
correction signal is applied on a voltage variable power
attenuator set on the feeding RF power line of the AOM1
with a servo bandwidth of about 70kHz. The out-loop
laser intensity noise (RIN) is measured just after the first
PBS with a photo-detector (PD), which is not shown
in Fig. 1. The spectrum of the resulting RIN with and

w/o locking is shown in Fig. 3. A 20dB improvement at
Fy = 125Hz (LO modulation frequency for clock oper-
ation) is obtained in the stabilized regime.

It is worth to note that the DFB laser diode we used,
with a linewidth of about 2 MHz, is sensitive even to the
lowest levels of back-reflections [34], e.g., the coated col-
limated lens may introduce some intensity and frequency
noise at the regime of 0.1kHz to 10kHz. Finding the
correct lens alignment to minimize the reflection induced
noise while keeping a well-collimated laser beam was not
an easy task. To reduce light feedback from the EOPM
fiber face, we use a 60 dB isolator before the EOPM. The
fiber-coupled EOPM induces additional intensity noise
depicted in Fig. 3. Nevertheless, thanks to the laser
power locking, we can reduce most of these noises by
at least 15dB in the range of 1 Hz to 1kHz.

D. Laser frequency stabilization
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FIG. 4. (Color online) Spectrum of the Cs D; line in the
vacuum reference cell and in the clock cell recorded with
the bichromatic laser. The two absorptions from left to
right correspond to the excited level [6°P, o, F' = 3) and
|62P1/2,F’ = 4), respectively. For the reference cell signal:
laser power 0.74 mW, beam diameter 2 mm, cell temperature
22°C, AOM frequency 160 MHz. Inset, the atomic levels in-
volved in D1 line of Cesium.

Our laser frequency stabilization setup, similar to
[31, 35], is depicted in Fig. 1. We observe in a vacuum
cesium cell the two-color Doppler-free spectrum depicted
in Fig. 4. The bi-chromatic beam, linearly polarized, is
retro-reflected after crossing the cell with the orthogonal
polarization. Only atoms of null axial velocity are reso-
nant with both beams. Consequently, CPT states built
by a beam are destroyed by the reversed beam, leading
to a Doppler-free enhancement of the absorption [35].

The laser frequency detuning Ay = 0 in Fig. 4 corre-
sponds to the laser carrier frequency tuned to the cen-
ter of both transitions 625, /o, F' = 3) — [62P; o, F' = 4)
and |6281/2, F = 4> — |62P1/2, F = 4> in D1 line of Ce-
sium, where F' is the hyperfine quantum number. For
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FIG. 5. (Color online) The laser frequency noise measured on
the error signal of the Doppler-free spectrum with and w/o
frequency locking.

this record, the microwave frequency is 4.596 GHz, half
the Cs ground state splitting, and the DFB laser fre-
quency is scanned. The frequency noise with and w/o
locking are presented in Fig. 5. The servo bandwidth
is about 3kHz and the noise is found to be reduced by
about 25dB at f = 125Hz (local oscillator modulation
frequency in clock operation).

E. Polarization modulation
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FIG. 6. (Color online) LCPR response.

We studied the response time of the LCPR (FPR-100-
895, Meadowlark Optics). As illustrated in Fig. 6, the
measured rise (fall) time is about 100 ps and the polar-
ization extinction ratio is about 50. In comparison, the
electro-optic amplitude modulator (EOAM) used as po-
larization modulator in our previous investigations [28]
showed a response time of 2.5ps (limited by our high
voltage amplifier) and a polarization extinction ratio of
63. Here, we replace it by a liquid crystal device because

its low voltage and small size would be an ideal choice for
a compact CPT clock, and we will show in the following
that the longer switching time does not limit the contrast
of the CPT signal.

F. Microwave source and clock servo-loop
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FIG. 7. (Color online) Electronic architecture of the DM CPT
clock: DDS direct digital synthesizer, DAC digital-to-analog
converter, ADC analog-to-digital converter, FPGA field pro-
grammable gate array, LO local oscillator.

The electronic system (local oscillator and digital elec-
tronics for clock operation) used in our experiment is
depicted in Fig. 7. The 4.596 GHz microwave source
is based on the design described in [36]. The local
oscillator (LO) is a module (XM16 Pascall) integrat-
ing an ultra-low phase noise 100 MHz quartz oscilla-
tor frequency-multiplied without excess noise to 1.6 GHz.
The 4.596 GHz signal is synthesized by a few frequency
multiplication, division and mixing stages. The fre-
quency modulation and tuning is yielded by a direct
digital synthesizer (DDS) referenced to the LO. The
clock operation [2, 37] is performed by a single field pro-
grammable gate array (FPGA) which coordinates the op-
eration of the DDS, analog-to-digital converters (ADC)
and digital-to-analog converter (DACs):

(1) the DDS generates a signal with phase modulation
(modulation rate f,,, depth 7/2) and frequency modula-
tion (FM, depth AFM)

(2) the DAC generates a square-wave signal to drive
the LCPR with the same rate f,,, synchronous to the
phase modulation.

(3) the ADC is the front-end of the lock-in amplifier.
Another DAC, used to provide the feedback to the local
oscillator frequency, is also implemented in the FPGA.

The clock frequency is measured by comparing the LO
signal with a 100 MHz signal delivered by a H maser of
the laboratory in a Symmetricom 5125A Allan deviation
test set. The frequency stability of the maser is 1 x 10713
at 1s integration time.



IIT. CLOCK SIGNAL OPTIMIZATION

A. Time sequence and figure of merit

Frequency O rl
trigger off
A 1F
try=1/Fm
FM _AFM M
Polarization o*(x/2) tw=1/fm [
(Phase) switch = (0)
on o
Detection g tw ,_
off |
Time
—

FIG. 8. Time sequence. Fj modulation frequency of the
4.596 GHz signal, f,, polarization and phase modulation fre-
quency, tq pumping time, t,, detection window.

As illustrated in Fig. 8, the polarization and phase
modulation share the same modulation function. After
a pumping time t4 to prepare the atoms into the CPT
state, we detect the CPT signal with a window of length
tw. In order to get an error signal to close the clock
frequency loop, the microwave frequency is square-wave
modulated with a frequency Fys, and a depth Ap,,. In
our case, we choose F); = 125 Hz, as a trade-off between
a low frequency to have time to accumulate the atomic
population into the clock states by the DM scheme and
a high operating frequency to avoid low frequency noise
in the lock-in amplification process and diminish the in-
termodulation effects.
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FIG. 9. Zeeman spectrum. The center peak is the 0 — 0 clock
transition. Working parameters: t4 = 2ms, t, = 2ms, fn, =
500 Hz, Pr, = 1631W, Py, = 26.12dBm, Tee = 35.1°C.

A typical experimental CPT signal, recorded with this
time sequence, showing all the CPT transitions allowed

between Zeeman sub-levels of the Cs ground state is re-
ported in Fig. 9. The Raman detuning A is the differ-
ence between the two first sideband spacing and the Cs
clock resonance. The spectrum shows that the clock lev-
els (0—0 transition) are the most populated and that the
atomic population is symmetrically distributed around
the (m = 0) sub-levels. The distortion of neighbouring
lines is explained by magnetic field inhomogeneities.

It can be shown that the clock short-term frequency
stability limited by an amplitude noise scales as W}, /C
[10], with W}, the full width at half maximum (FWHM) of
the clock resonance, and C' the contrast of the resonance.
Usually, the ratio of contrast C' to W}, is adopted as a
figure of merit, i.e. Fo = C/W),. The best stability
should be obtained by maximizing Fe¢.

The stability of the clock is measured by the Allan
standard deviation o,(7), with 7 the averaging time.
When the signal noise is white, with standard deviation
on, and for a square-wave frequency modulation, the sta-
bility limited by the signal-to-noise ratio is equal to [38]

- 1 ON 1
C’y(T)—ﬁE\/; (1)

with f. the clock frequency, and S, the slope of the fre-
quency discriminator. In CPT clocks, one of the main
sources of noise is the laser intensity noise, which leads
to a signal noise proportional to the signal. Therefore
it is more convenient to characterize the quality of the
signal of a CPT atomic clock by a new figure of merit,
Fs = S¢/Viyp, where Sy is the slope of the error sig-
nal (in V/Hz) at Raman resonance (A = 0), and V,,,
is the detected signal value (in V) at the interrogating
frequency (the clock resonance frequency plus the modu-
lation depth Ap,,), see Fig. 10. Note that an estimation
of the discriminator slope is also included in F¢, since
the contrast is the signal amplitude A divided by the
background B. F¢ then equals (A/Wy)/B, (A/W}) is a
rough approximation of the slope Sy, and B an approx-
imation of the working signal V,,,. In our experimental
conditions A/W}, ~ S;/3.

We investigated the effect of relevant parameters on
both figures of merit to optimize the clock performances.
In order to allow a comparison despite different condi-
tions, the error signals are generated with the same unit
gain. Since the resonance linewidth is also subject to
change, it is necessary to optimize the 4.6 GHz modula-
tion depth Ap,, to maximize Fg. Here for simplicity, we
first recorded the CPT signal, then we can numerically
compute optimized values of Ap,, and Fgs.

In the following, we investigate the dependence of F¢
and Fg on several parameters including the cell temper-
ature (Teenr), the laser power (Pr), the microwave power
(Pyw), the detection window duration (t,,), the detection
start time (¢4), and the polarization and phase modula-
tion frequency (fi,).
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FIG. 10. (Color online) Signal of the clock transition and error
signal. Working parameters: t; = 3ms, t, = lms, f, =
250Hz, P, = 163 pW, P = 26.12dBm, Ty = 35.1°C.

B. Cell temperature and laser power
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FIG. 11. (Color online) Figures of merit Fg, F¢, contrast

C' and width of the clock transition as function of cell tem-
perature Tee;;. All other working parameters is the same as
Fig. 10.

From the figures of merit shown in Fig. 11, the op-
timized cell temperature is around T,..; = 35.1°C for
Pr, = 163pW. The narrower linewidth observed at
higher Ty, already observed by Godone et al. [39],
can be explained by the propagation effect: the higher
the cell temperature, the stronger the light absorption
by more atoms, and less light intensity is seen by the
atoms at the end side of the vapour cell. This leads to
a reduction of the power broadening and a narrower sig-
nal, measured by the transmitted light amplitude. The
optimum temperature depends on the laser power as de-
picted in Fig. 12. Nevertheless, the overall maximum of
Fs is reached with Py, = 163nW at T, = 35.1°C.

The figures of merit Fs, F¢, the contrast C' and the
width are plotted as a function of the laser power in
Fig. 13 for T,¢;; = 35.1°C. The laser powers maximizing
Fs and Fo are P, = 163uW and P;, = 227pW, re-
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FIG. 12. (Color online) Fs as a function of cell temperature
Teen for various laser powers. All other working parameters
is the same as Fig. 10.

spectively. The Allan deviation reaches a better value at
Pr, = 163 1W, which justifies our choice of Fg as figure
of merit. And in the following parameters investigation,
we only show the Fs as figure of merit for clarity.
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FIG. 13. (Color online) Fs, Fe, C and width of the clock
transition as a function of laser power Pr, with Te..;; = 35.1°C.
All other working parameters is the same as Fig. 10.

C. Microwave power

Fs, C and width versus the microwave power are
shown in Fig. 14. The behaviour of Fs is basically in
agreement with the fractional power of first (£1) side-
bands of Fig. 2. The optimized microwave power is
around 26.12dBm.
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FIG. 14. (Color online) Fs, C' and width of the clock transi-
tion as function of microwave power P, with Tee;; = 35.1°C.
All other working parameters is the same as Fig. 10.

D. Detection window t¢,, and pumping time ¢4

As we can see on Fig. 15, a short detection window
t, would generate a higher contrast signal and higher
figures of merit. However, we found that a longer time,
e.g., ty, = 1ms, results in a better Allan deviation at one-
second averaging time. It is due to the conflict between
the higher signal slope (x Fs) and the increased number
of detected samples which help to reduce the noise, see

Eq.(5).
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FIG. 15. (Color online) Fs, C' and width of the clock transi-
tion as a function of ¢,,. With t; = 4ms — ¢, and all other
working parameters is the same as Fig. 10.

The same parameters are plotted versus the pumping
time t4 in Fig. 16. The figures of merit and C' firstly in-
crease and then decrease at t; = 1 ms, because when the
detection window t,, > 1ms, the signals of two succes-
sive polarizations are included. The dynamic behaviour
of the atomic system induces the decrease of the CPT
amplitude (see Fig. 10 in [40]). After t; = 2ms, Fg in-
creases again and reach a maximum. Thus we can say
that, in a certain range, a longer t; will lead to a greater
atomic population pumped into the clock states as de-

picted in Fig. 16, yielding higher figures of merit. The
behaviour of the linewidth versus the pumping time is
not explained to date. Nevertheless, note that here the
steady-state is not reached and the width behaviour re-
sults certainly from a transient effect.
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FIG. 16. (Color online) Fy, C' and width of the clock transi-
tion versus t4. All other working parameters is the same as
Fig. 10.

E. Polarization-and-phase modulation frequency f,,

Figure 17 shows Fg, C, and width versus the polariza-
tion (and phase) modulation frequency f,,, The maxima
of Fyg is reached at low frequency f,,. In one hand, this
is an encouraging result to demonstrate the suitability
of the LCPR polarization modulator in this experiment.
In an other hand, the higher F); rate would be better
for a clock operation with lock-in method to modulate
and demodulate the error signal, to avoid the low fre-
quency noises such as 1/f noise. Therefore, we chose
Fyr = 125Hz and f,, = 250Hz. We have noticed that
the behavior of C' is not exactly the same than the one
observed in our previous work [40, 41] with a fast EOAM,
where the signal amplitude was maximized at higher fre-
quencies. This can be explained by the slower response
time of the polarization modulator and the lower laser in-
tensity used. The linewidth reaches a minimum around
1.5kHz. This behaviour will be investigated in the fu-
ture.

IV. FREQUENCY STABILITY
A. Measured stability

The high contrast and narrow line-width CPT sig-
nal obtained with the optimized values of the parame-
ters is presented in Fig. 10, with the related error sig-
nal. The Allan standard deviation of the free-running
LO and of the clock frequency, measured against the H
maser, are shown in Fig. 18. The former is in correct
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FIG. 17. (Color online) The Fs, C' and width of the clock
transition as function of f,,. All other working parameters is
the same as Fig. 10.

agreement with its measured phase noise. In the 1Hz
to 100 Hz offset frequency region, the phase noise spec-
trum of the free-running 4.596 GHz LO signal is given in
dBrad?/Hz by S,(f) = b_sf ™3 with b_3 = —47, signa-
ture of a flicker frequency noise [36]. This phase noise
yields an expected Allan deviation given by o,(1s) ~

2In2 x 4?;3 ~ 1.2x10712 [42], close to the measured

value of 2 x 107!2 at 1s. The measured stability of the
CPT clock is 3.2 x 10~ 137~1/2 up to 100s averaging time
for our best record. This value is close to the best CPT
clocks [31, 33], demonstrating that a high-performance
CPT clock can be built with the DM-CPT scheme. A
typical record for longer averaging times is also shown in
Fig. 18. For averaging times 7 longer than 20s, the Allan
deviation increases like /7, signature of a random walk
frequency noise.
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FIG. 18. (Color online) The LO frequency stability (a) free
running, (b) and (c¢) locked on the atomic resonance. (b)
best record in quiet environment, (c) typical record. The
slope of the red (blue) dashed fitted line is 3.2 x 10137 ~1/2
(1.6 x 10~ *7%/2) | respectively.

B. Short-term stability limitations

We have investigated the main noise sources that limit
the short-term stability. For a first estimation, we con-
sider only white noise sources, and for the sake of sim-
plicity we assume that the different contributions can in-
dependently add, so that the total Allan variance can be
computed as

0,(7) = Di0y,(T) + 0y, 10(7), (2)

with U;LO (7) the contribution due to the phase noise of

the local oscillator, and ojpi (7) the Allan variance of the
clock frequency induced by the fluctuations of the param-
eter p;. When p; modifies the clock frequency during the

whole interrogation cycle, o7 , () can be written

o) = g5 (7). GRS 2 @)

with (012,,) the variance of p; measured in 1 Hz band-
1Hz

width at the modulation frequency Fyy, (5fc/6pi) is the
clock frequency sensitivity to a fluctuation of p;. Here,
the detection signal is sampled during a time window t,,
with a sampling rate 2Fy; = 1/T., where T, is a cycle
time. In this case Eq.(3) becomes

T
U;pi (1) = fif (ogi)tw (6fc/(5pi)2 =, (4)

Pi

(02 ) ~ Sp, (Far)/(2ty) with Sp, (Far) the value of the
tw

Pi
power spectral density (PSD) of p; at the Fourier fre-
quency Fjs ( assuming a white frequency noise around
Fyr). When p; induces an amplitude fluctuation with a
sensitivity (5pr/5pi), Eq.(4) becomes

with (U2> the variance of p; sampled during t,;
tw

o2 (1) =—=8 (FM)(

Y;pPi

with Sy the slope of the frequency discriminator in V/Hz.
We review below the contributions of the different sources
of noise.

Detector noise: the square root of the power spectral
density (PSD) Sy of the signal fluctuations measured in
the dark is shown in Fig. 19. It is Ngctector = 64.8
nVv/ VHz in 1Hz bandwidth at the Fourier frequency
125Hz. According to Eq.(5) the contribution of the
detector noise to the Allan deviation at one second is
0.45 x 10713,

Shot-noise: with the transimpedance gain Gr =
1.5 x 10*V A~ and the detector current I = Vp/Gr =
32.7pA, Eq.(5) becomes

1 (2eIGg)* T, 1

2 _ _
Uy,sh(T) - fc2 Sl? 2tw T,

(6)
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FIG. 19. (Color online) The RIN after the cell, detector noise
and analyser noise floor. Working parameters is the same as
Fig. 10.

with e the electron charge. The contribution to the Allan
deviation at one second is 0.34 x 10713,

Laser FM-AM noise: it is the amplitude noise in-
duced by the laser carrier frequency noise. The slope
of the signal V,,;, with respect to the laser frequency
fr is Spar—an = 0.16mV MHz ! at optical resonance.
According to Eq.(5) with data of laser-frequency-noise
PSD of Fig. 5 at 125 Hz, we get a Allan deviation of
0.33 x 10713 at one second.

Laser AM-AM noise: it is the amplitude noise induced
by the laser intensity noise. The measured signal sen-
sitivity to the laser power is Sqar = 3.31mVpW—! at
fr = 163uW, combined with the laser intensity PSD
of Fig. 3 it leads to the amplitude noise Sap X Pp X
RIN(125Hz) = 30.3 nV/v/Hz, and an Allan deviation of
0.21 x 10713 at one second.

LO phase noise: the phase noise of the local oscilla-
tor degrades the short-term frequency stability via the
intermodulation effect [43]. It can be estimated by:

Oyro(Ls) ~ ljf—M\/Sga(sz. (7)

c

Our 4.596 GHz microwave source is based on [36]
which shows an ultra-low phase noise S,(2Fy) =
—116dBrad?Hz~! at 2Fy; = 250 Hz Fourier frequency.
This yields a contribution to the Allan deviation of
0.43 x 10713 at one second.

Microwave power noise: fluctuations of microwave
power lead to a laser intensity noise, which is already
taken into account in the RIN measurement. We show
in the next section that they also lead to a frequency
shift (see Fig. 22). The Allan deviation of the microwave
power at 1sis 2.7 x 10~*dBm, see inset of Fig. 22. With
a measured slope of 7.7 Hz/dBm, we get a fractional-
frequency Allan deviation of 2.26 x 10~ '3, which is the
largest contribution to the stability at 1s. Note that in
our set-up the microwave power is not stabilized.

The other noise sources considered have much lower
contributions, they are the laser frequency-shift effect,
i.e. AM-FM and FM-FM contributions, the cell tem-
perature and the magnetic field. Table I resumes the
short-term stability noise budget.

TABLE I. Noise contributions to the stability at 1s.

Noise source noise level ay(1s) x 103

Detector noise 64.8 nV/\/E 0.45
Shot noise 48.8 nV/\/E 0.34
Laser FM-AM 48.0nV/v/Hz 0.33
Laser AM-AM 30.3nV/VHz 0.21
LO phase noise —116 dBrad®/Hz 0.43
P 2.7 x 107* dBm@1 s 2.26
Laser AM-FM 0.6nW@1s 9.7 x 1073
Laser FM-FM ~ 100 Hz@1 s 2.9 %1073
Toenl 6.3 x 107 KQls 3.2 x 1072
By 4.3pTQ@ls 1.4x1073
Total 2.4

The laser intensity noise after interacting with the
atomic vapor is depicted in Fig. 19. It encloses the
different contributions to the amplitude noise, i.e. de-
tector noise, shot-noise, FM-AM and AM-AM noises.
The noise spectral density is 100nV/ VHz at the Fourier
frequency 125Hz, which leads to an Allan deviation of
0.7 x 10713 at 1s. This value is equal to the quadratic
sum of the individual contributions. The quadratic sum
of all noise contribution leads to an Allan deviation at
one second of 2.4 x 10713, while the measured stability
is 3.2 x 10~ 137-1/2 (Fig. 18). The discrepancy could be
explained by correlations between different noises, which
are not all independent. The dominant contribution
is the clock frequency shift induced by the microwave
power fluctuations. This term could be reduced by mi-
crowave power stabilization or a well chosen laser power
(see Fig. 14), but to the detriment of the signal ampli-
tude.

V. FREQUENCY SHIFTS AND MID-TERM
STABILITY

We have investigated the clock-frequency shift with re-
spect to the variation of various parameters. For each
frequency measurement, the LO frequency is locked on
the CPT resonance. With a 100s averaging time, the
mean frequency is measured with typical error bar less
than 107'2, 4.e., 0.01 Hz relative to the Cs frequency
fos = 9.192 GHz.
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The resonance frequency of the microwave resonance
is shifted by collisions between Cs atoms and buffer-gas
atoms [38]. This collisional shift is temperature depen-
dent but can be reduced by using a well-chosen mixture
of gas. Here we use a Nao-Ar mixture with 37% of Ar,
optimized for cancelling the temperature coefficient at
31.5°C and which should allow to reduce the sensitiv-
ity of the cock frequency at the level of —0.16 HzK ! at
35°C [44]. The record of the frequency shift versus Ti.y
is presented in Fig. 20. The temperature sensitivity is
measured to be 0.47HzK~! at T..;; = 35°C. This value
is in disagreement with the expected value. Nevertheless,
it is important to note that the latter is valid at null laser
power and that the laser power shift is also temperature-
dependent [45]. In this experimental test, we measure
the result of the collisional shift and of the laser power
shift together. The Allan deviation of T,y is shown in
the inset of Fig. 20. With a typical temperature fluctu-
ation of 5.2 x 107°K at 1000s, the contribution of cell
temperature variations to the clock fractional frequency
stability is about 2.7 x 107° at 1000s.
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FIG. 20. (Color online) Clock frequency as a function of the
cell temperature Te.e;;. The inset shows the Allan deviation
of Teer- All other working parameters is the same as Fig. 10.

B. fo VS PL

The clock frequency shift versus Pj, is presented in
Fig. 21. The coefficient of the light power shift is
14.9HzmW~! at P, = 163uW and P, = 26.12dBm.
This shift is difficult to foresee theoretically because it re-
sults of the combination of light shifts (AC Stark shift) in-
duced by all sidebands of the optical spectrum, but also of
overlapping and broadening of neighboring lines. The in-
set of Fig. 21 shows the typical fractional fluctuations the
laser power versus the integration time. They are mea-
sured to be 1 x 10~ at 1000 s, impacting on the clock
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fractional frequency stability at the level of 2.6 x 10~ 14
at 1000s. Since the power distribution in the sidebands
vary with the microwave power, the laser power shift is
also sensitive to the microwave power feeding the EOPM.
This is clearly shown in Fig. 21. As previously observed
in CPT-based clocks [46, 47] and double-resonance Rb
clocks [48], it is important to note that the light-power
shift coefficient can be decreased and even cancelled at
specific values of P,,,. Consequently, it should be possi-
ble to improve the long-term frequency stability by tun-
ing finely the microwave power value [49, 50], at the ex-
pense of a slight degradation of the short-term frequency
stability.
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FIG. 21. (Color online) Clock frequency as a function of laser
power Pr, for different values of P,.. Inset: fractional Allan
deviation of the laser power. All other working parameters is
the same as Fig. 10.

C. fovs Puw

The frequency shift versus the microwave power at
fixed laser power is shown on Fig. 22. At constant op-
tical power, only the power distribution among the dif-
ferent sidebands changes. This is a different laser power
effect. The shift scales as the microwave power in the
investigated range, with a sensitivity of 7.7 HzdBm ™! at
P, = 163pW. In this range, the power ratio of both
first (+1) sidebands changes by about 10%. The inset
of Fig. 22 shows the Allan deviation of the microwave
power in dBm. The typical microwave power standard
deviation of 5 x 107*dBm at 1000s yields a fractional
frequency stability of about 4.2 x 1073 at 1000s.

D. fovs AL

The frequency of the laser beam incident on the clock
cell can be tuned by setting the driving frequency of
AOM2 in the laser frequency stabilization setup. For
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crowave power in dBm, log scale. All other working parame-
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each AOM driving frequency, the laser carrier frequency
is stabilized onto the reference cell, the clock frequency
is locked onto the CPT resonance and measured against
the hydrogen maser. The observed shift results from a
combination of AC Stark shift, CPT resonance distortion
and effect of neighboring lines. The recorded frequency
shift is shown on Fig. 23 versus the laser detuning. The
shift is well-fitted by a linear function with a slope of
—26.6mHz MHz~!. Having no second similar DFB diode
laser set-up, we did not measure the laser frequency sta-
bility. Taking into account that we have the same diode
laser and laser frequency stabilization setup than the one
reported in [35], we expect similar performances, i.e., a
standard deviation of ~5kHz at 1000 second of averaging
time. This yields a clock-fractional-frequency stability of
about 1.4 x 10~ at 1000s.

E. fovs fm

For the sake of completeness, we have measured the
clock shift versus polarization (and phase) modulation
frequency f,,. Results are reported in Fig. 24. The
other parameters are fixed. The shift coefficient is
3.17mHzHz ' at f,, = 250Hz. As f,, is synchronized
to the LO, which exhibits in the worst case (unlocked)
a frequency stability at the level of 7 x 107! at 1000s
(see Fig. 18), the effect of the polarization and phase
modulation frequency on the clock shift is negligible, i.e.
6.0 x 1072 at 1000s second.

F. fo VS Bo

The clock frequency shift versus the magnetic field
strength is shown on Fig. 25. The experimental shift
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FIG. 23. (Color online) Clock frequency as a function of laser
frequency detuning Ay. Experimental data are fitted by a
linear function. All other working parameters is the same as
Fig. 10.
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FIG. 24. (Color online) Clock frequency as function of polar-
ization(phase) modulation frequency fm. All other working
parameters is the same as Fig. 10.

is in good agreement with the theoretical prediction of
the quadratic Zeeman shift [38], fo = 4.27 x 1072Bg,
with By in nT. In order to measure the time evolu-
tion of the magnetic field, we locked the LO frequency
to the magnetic-field sensitive Zeeman CPT transition
|F =3,mp=—1) = |F =4,mp = —1). The latter ex-
hibits a sensitivity 7.01kHzpT~!. The Allan standard
deviation of the Zeeman frequency (fz) is shown in the
inset of Fig. 25. The measured frequency deviation is
about 0.1 Hz at 1000s, corresponding to a magnetic field
deviation of 14pT at 7 = 1000s. For a mean magnetic
field of 3.43 uT, this yields a fractional frequency stability
of 0.4 x 1071 at 1000s.
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FIG. 25. (Color online) Clock frequency as function of mag-
netic field By. Inset: Allan deviation of the Zeeman frequency.
All other working parameters is the same as Fig. 10.

G. Mid-term stability

With the shift coefficients and the Allan standard devi-
ation of the involved parameters, we can estimate the var-
ious contributions to the mid-term clock frequency sta-
bility. They are listed in Table II for a 1000s averaging
time. Their quadratic sum leads to a frequency stabil-
ity of 4.2 x 10712 at 7 = 1000s, in very good agreement
with the measured stability 4.21 x 107! (see Fig. 18).
Again, the main contribution to the instability comes
from the microwave power fluctuations, before the laser
power and frequency fluctuations. Thus in the future, it
is necessary to stabilize the microwave power to improve
both the short-and-mid-term frequency stability.

TABLE II. Noise contributions to the stability at 1000 s.

Parameter coefficient a,4(1000s) x 103
Teenl 0.47HzK™! 2.7 x 1072
Pr, 14.9 HzmW™* 0.26
P —7.7HzdBm™! 4.2
Ar —26.6 mHz MHz* 0.14
By 0.29 HzpT* 0.4 x 1072
Total 4.2
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VI. CONCLUSIONS

We have implemented a compact vapor cell atomic
clock based on the DM CPT technique. A detailed char-
acterization of the CPT resonance versus several exper-
imental parameters was performed. A clock frequency
stability of 3.2 x 10713771/2 up to 100s averaging time
was demonstrated. For longer averaging times, the Allan
deviation scales as /7, signature of a random walk fre-
quency noise. It has been highlighted that the main lim-
itation to the clock short and mid-term frequency stabil-
ity is the fluctuations of the microwave power feeding the
EOPM. Improvements could be achieved by implement-
ing a microwave power stabilization. Another or comple-
mentary solution could be to choose a finely tuned laser
power value minimizing the microwave power sensitivity.
This adjustment could be at the expense of the signal
reduction and a trade-off has to be found. Nevertheless,
the recorded short-term stability is already at the level
of best CPT clocks [31, 33] and close to state-of-the art
Rb vapor cell frequency standards. These preliminary
results show the possibility to a high-performance and
compact CPT clock based on the DM-CPT technique.
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