A high-performance Raman-Ramsey Cs vapor cell atomic clock
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We demonstrate a high-performance coherent-population-trapping (CPT) Cs vapor cell
atomic clock using the push-pull optical pumping technique (PPOP) in the pulsed regime,
allowing the detection of high-contrast and narrow Ramsey-CPT fringes. The impact of sev-
eral experimental parameters onto the clock resonance and short-term fractional frequency
stability, including the laser power, the cell temperature and the Ramsey sequence parame-
ters, has been investigated. We observe and explain the existence of a slight dependence on
laser power of the central Ramsey-CPT fringe line-width in the pulsed regime. We report
also that the central fringe line-width is commonly narrower than the expected Ramsey line-
width given by 1/(2Tr), with T the free-evolution time, for short values of Tx. The clock
demonstrates a short-term fractional frequency stability at the level of 2.3 x 10713 7—1/2
up to 100 seconds averaging time, mainly limited by the laser AM noise. Comparable per-
formances are obtained in the conventional continuous (CW) regime, if use of an additional
laser power stabilization setup. The pulsed interaction allows to reduce significantly the clock
frequency sensitivity to laser power variations, especially for high values of Tz. This pulsed
CPT clock, ranking among the best microwave vapor cell atomic frequency standards, could

find applications in telecommunication, instrumentation, defense or satellite-based naviga-

tion systems.

PACS numbers: 06.30.Ft, 32.70.Jz



I. INTRODUCTION

Numerous industrial applications including satellite-based navigation, telecommunication and
space applications require field-deployable atomic clocks combining excellent fractional frequency
stability, low power consumption and small size [1-4]. In this domain, lamp-based microwave Rb
vapor cell atomic clocks based on optical-microwave double resonance technique, have been widely
used for decades. The advent of high-performance narrow-line semiconductor diode lasers has later
allowed to improve by at least one order of magnitude the stability performances of these clocks
[5-7]. Over the last years, relevant efforts have been pursued in different laboratories to push to
the limit vapor cell clocks performances by adopting original schemes and approaches including
mainly pulsed optical pumping (POP) [8] and coherent population trapping (CPT) [9, 10] often
associated with a pulsed Ramsey scheme. In this domain, INRIM has developed a pulsed op-
tically pumped (POP) Rb frequency standard which exhibits a fractional frequency stability of
1.7 x 10713 7=%/2 up to 1000 s integration time [8]. The POP technique is also studied and in-
vestigated in other groups [11, 12], demonstrating promising results. LNE-SYRTE has developed
a high-performance Cs CPT clock, combining a pulsed Ramsey-like interrogation scheme and an
optimized CPT pumping scheme called lin L lin [13]. This Cs CPT clock has demonstrated an
Allan deviation of 3.2 x 107 771/2 up to averaging times of 100 s [14]. However, this table-top
clock prototype, using two external cavity diode lasers phase-locked with an optical phase lock loop,
remains complex, voluminous and not-well adapted for integration and potential future industrial
transfer. Moreover, the use of two phase-locked lasers degrades the microwave phase noise, enhanc-
ing the Dick effect contribution [15] to the clock short-term frequency stability. Another promising
and simple-architecture CPT clock developed in LNE-SYRTE, based on an original constructive
polarization modulation technique [16, 17], has recently demonstrated an Allan deviation at the
level of 3 x 10713 7=%/2 up to 100 s in the continuous-regime [18].

In the frame of the MClocks project [19], we have recently reported the development of a Cs
CPT atomic clock based on a single-modulated laser source using the push-pull optical pumping
(PPOP) technique [20, 21]. This clock, operating in the continuous (CW)-regime, has demon-
strated a short-term fractional frequency stability of 3 x 10~13771/2 up to 100 s averaging time
[22]. Nevertheless, it was reported that performances of this clock were strongly limited by laser
power-induced frequency-shift effects. In that sense, we investigate in the present paper the ap-
plication of a pulsed Ramsey-like interrogation scheme to this clock. The pulsed regime allows to

detect high-signal-to-noise ratio and narrow Ramsey-CPT fringes and to reduce the sensitivity of



the clock frequency to laser power variations [23, 24]. A detailed investigation is reported on the
impact of the laser power, the cell temperature and the Ramsey sequence parameters on the central
Ramsey fringe properties and short-term fractional frequency stability. This study has led to the
demonstration of a clock short-term fractional frequency stability at the level of 2.3 x 10~ 13771/2
up to 100 seconds averaging time. Comparable performances are obtained in the CW regime, if
use of an additional laser power stabilization setup. The sensitivity of the clock frequency to the
laser power variations is reported for several values of the free-evolution time Tr, demonstrating
a relevant reduction of this effect compared to the CW-regime case. These preliminary results

are promising for the development of a high-performance CPT clock with improved mid-term and

long-term fractional frequency stability.

II. EXPERIMENTAL SET-UP

Figure 1 presents the Cs CPT clock set-up. The laser source is a 1-MHz linewidth Distributed
Feedback (DFB) diode laser tuned on the Cs D; line at 894.6 nm. Two optical isolation stages
(not shown on Fig. 1), with a total isolation of about 70 dB, are placed at the output of the
DFB laser to prevent optical feedback. First-order optical sidebands frequency-split by 9.192
GHz are generated by driving a pigtailed Mach-Zehnder electro-optic modulator (EOM - Photline
NIR-MX800-LN-10) at 4.596 GHz with a low noise microwave frequency synthesizer [25]. At
the output of the EOM, active optical carrier suppression stabilization is performed thanks to
an original microwave synchronous detector [21]. The EOM is actively temperature-stabilized at
about 40.2°C where the optical power transmission is maximized and where the EOM transmission
sensitivity to temperature variations is canceled at the first order [22]. At the output of the EOM,
a fraction of the laser power is sent into a Fabry-Perot interferometer to analyze the optical power
spectrum. Another fraction of the power is extracted to be sent in a dual-frequency Doppler-free
spectroscopy setup for laser frequency stabilization [26]. The laser fractional frequency stability is
measured to be better than 2 x 10712 at 1 s integration time. At the direct output of the EOM,
an acousto-optic modulator (AOM) is used. Its first role is to shift the laser frequency by —122
MHz to compensate for the buffer-gas induced optical frequency shift [27] in the CPT cell. The
second function of the AOM is to apply the Ramsey-like pulsed interrogation scheme. A microwave
switch is used to turn on and off the AOM radio-frequency (RF) driving signal, allowing to switch
on and off the first-order diffracted light beam of interest. Note that operating the clock in the

CW regime, this AOM can also be used for laser power stabilization [22]. In the present study,



no laser power stabilization was applied in the pulsed regime. Following the AOM, a Michelson
delay-line and polarization orthogonalizer system, based on two arms each composed of a mirror
and a quarter-wave plate, is used to generate two time-delayed orthogonally polarized optical fields.
A last quarter wave plate allows to produce a bi-chromatic optical field that alternates between
right and left circular polarization in order to realize the PPOP interaction scheme. The latter
helps to maximize the number of atoms into the magnetic-field insensitive 0-0 clock transition [20].
At the output of the Michelson system, the diameter beam is expanded to 2 cm thanks to a pair of
convergent optical lenses to cover the whole diameter of the CPT cell. The latter is a 2-cm diameter
and 5-cm long Cs vapor cell, filled with a No-Ar buffer gas mixture of total pressure 15.3 Torr and
partial pressure ratio r = P4, /Py, = 0.6. The cell is maintained into a temperature-stabilized
copper oven. For most of the results reported in this paper, the cell temperature T,.; is 35°C. A
solenoid is used to apply a static magnetic field (B = 4.5 pT) parallel to the laser beam propagation.
The ensemble is surrounded by a two-layer mu-metal magnetic shield. In the following, the cell
input and output laser power are noted P; and P, respectively. CPT spectroscopy is performed
by detecting the laser power transmitted through the CPT cell using the low-noise photodiode
PD1. A data acquisition card-based automation platform, piloted by a computer with a dedicated
software, allows to monitor and pilot numerous experimental parameters and to manage a large
number of servo loops for proper and routine operation of the clock.

Two different pulses sequences are used in this study. The typical sequence used to perform
Raman-Ramsey spectroscopy is shown on Fig. 2(a). Atoms interact with optical CPT pulses. A
first pulse of length 7, allows to pump the atoms into the CPT state. Atoms then evolve freely in
the dark during a time Tg. A second pulse is used for CPT signal detection. A delay 74 of 20 us
is taken before opening a detection window with a length 7p. The clock signal is averaged over
the detection window with a rate of 1 Msamples/s. A significant dead-time of 35 ms (~ 10 75,
with 75 the hyperfine coherence relaxation time) is applied between each data point measurement
to ensure that most of the atoms relaxed from the CPT state before entering in the next cycle.
The sequence used in clock closed loop operation is shown on Fig. 2(b). In this regime, atoms
interact with a CPT pulse sequence where each pulse is used both for CPT pumping and CPT
detection. The sequence cycle duration is noted T, = 7, + Tg. The associated cycle frequency
is noted f. = 1/T,. The local oscillator (LO) frequency is changed every 3 cycles just after the
detection window. The clock output signal is compared to the signal of a state-of-the-art reference
active hydrogen maser with a fractional frequency stability of 8 x 107 and 3 x 107 at 7 =1 s

and 100 s respectively [28].



III. EXPERIMENTAL RESULTS
A. Short-term stability

1. Laser power P; and time sequence parameters

Figure 3 shows typical Ramsey-CPT fringes, detected in the CPT cell for a total input laser
power P; of 850 uW and a free-evolution time Tk of 3.5 ms, with different span windows. The
central fringe line-width is about 134 Hz. The CPT contrast, defined as the ratio between the
central fringe peak-peak amplitude (S = 0.48 V) and the dc level at half-height of the central
fringe (yo = 2.85 V), is about 17 %.

Figure 4(a) shows the line-width of the central fringe versus the total laser power P; incident
in the cell for different values of the free-evolution time Tx. For comparison, CPT line-width
measurements obtained in the continuous-regime are reported. In the pulsed case, the central
fringe line-width is mostly measured narrower than the expected Ramsey line-width given by
1/(2TRr), especially for low values of Tr and at low laser power, and tends to 1/(27g) at high
power. In the power range studied here, for Tr = 1 ms, a non-negligible power broadening of
the CPT Ramsey-fringe is observed, yielding 341 Hz at 200 uW and about 426 Hz at 1100 uW,
i. e. an increase of 20 % of the fringe line-width. This effect is less visible for higher values of
Tr. This behaviour is not so surprising. In a two-level atom [29], the 1/(27r) line-width of the
central Ramsey fringe is known to be a valid approximation only if Tr > 7, where 7 is the length
of each pulse. Otherwise, the width is narrower than 1/(27g), it depends on the pulse durations
and on the Rabi frequency. In a three-level system, like in CPT, the same behaviour is expected.
In this configuration, the resonance signal can be considered as the product of a broad Lorentzian
resonance, whose width is driven by the first pulse length and the Rabi frequency, multiplied by a
fast oscillating function of width 1/(27%). In the case where the 1/(27r) width can not be assumed
to be small compared to the broad resonance line-width, the observed line-width of the central
fringe is a complicated function of all the parameters [30] but the effect of the broad resonance is
to reduce the apparent fringe width. Since the broad resonance widens with the laser power, its
effect on the fast oscillation is reduced with increased power and the observed fringe width then
increases towards the 1/(2Tg) limit. Since we do not know exact analytical expression to describe
this behaviour in the CPT case, we have performed a numerical simulation based on optical Bloch
equations, applied to a three-level atom in presence of two resonant light fields. Parameters of

the simulation are the Rabi frequency wpr of both optical transitions (assumed equal if use of



equal laser intensities on the Cs D; line, wp = 2.3 x 106\/m in rad/s with P; the total laser
power and S, the laser beam section area), the experimental Ramsey-CPT sequence parameters
Tp, TR, Tp, the spontaneous relaxation rate I' (such that I'/2m = 4.6 MHz corresponding to the
excited state natural linewidth), the relaxation rate of the excited state I'* taking into account
the buffer-gas induced optical broadening [27] (such that I'* /27 = 333 MHz), the relaxation of
optical coherences (7, = I'*/2), and the relaxation rate of hyperfine coherence and ground-state
populations (v = 1/T5, with 75 ~ 3 ms). Calculation results of this very simplified model, reported
in Fig. 4(a) for several values of Tg, are in correct agreement with experimental data. Despite the
power broadening in the pulsed regime (especially for low values of Tx), we note that the resonance
line-width and the power broadening are significantly reduced in the pulsed regime compared to
the continuous interrogation case. In the latter regime, as shown on Fig. 4(a), experimental data
of the line-width (FWHM) Av are well-fitted by a linear function such as Av [Hz] = 225+ 1.16 P;
with P; in pW.
Figure 4(b) shows the contrast of the Ramsey-CPT central fringe versus the laser power for several
values of Tr. The CPT contrast obtained in the continuous regime is also given for comparison. In
the CW regime, the contrast is increased from 31 to about 53 % in the studied laser power range.
A saturation plateau seems to be reached for laser powers higher than 900 uW. In the pulsed case,
the fringe contrast is reduced with increased values of Tr because of relaxation of the hyperfine
coherence. For Tr = 3.5 ms, the fringe contrast is increased from 8 to 17 % in the 200 - 1100 pW
range. We can assume that the fringe amplitude scales as the resonance amplitude obtained in the
CW interrogation case. From [31], we deduce that the resonance amplitude S, for a three-level
atom at steady state, is such that:

T "

Tyt wp/T
w% is proportional to the laser power. As the background level scales as the laser power P;, we can
fit the experimental contrast data by C' = AP;/(225+ bP;), where A and b are the free parameters
and 225 is the relaxation term given by the fit of the CW linewidth versus the laser power. The
agreement with the experimental data is satisfactory. From results obtained in Figs 4(a) and 4(b),
the authors note that the fringe contrast/FWHM ratio is increased with laser power by a factor
2.5 from 200 to 1100 uW for Tr = 3.5 ms.
Figures 5(a) and 5(b) report the central fringe amplitude and line-width versus the free-evolution
time T for several values of the laser power. The pumping time is 1.1 ms and the detection

window is 50 ps. On Fig. 5(a), experimental data of the fringe amplitude are well-fitted by an



exponential decay function, with a time constant of about 2.8 ms. The latter can be interpreted
as an estimation of the CPT coherence lifetime 75 in the cell. On Fig. 5(b), we observe again for
low values of T that the central fringe line-width can be narrower than the expected line-width
given by 1/(2Tg). This effect is the same than the one explained previously. Our numerical sim-
ulations based on a density-matrix calculation for a three-level atom are in good agreement with
experimental data. Figure 5(c) reports the clock short-term fractional frequency stability at 1 s
averaging time versus the free-evolution time Tr. The clock frequency stability is optimized for a
plateau with 2.8 < Tgr < 3.5 ms, i.e. for T ~ T5. This behaviour has been already reported in
numerous articles [8, 22, 32].

Figures 6(a) and 6(b) show respectively the central fringe contrast and line-width versus the pump-
ing time for several values of the laser power P;. Experimental parameters are T = 3.5 ms and
7p = 50 ps. The contrast is increased with the pumping time and reaches a plateau for 7, ~ 4
ms. Simultaneously, the fringe line-width is decreased when the pumping time increases to reach
progressively a minimum value. This minimum value is reached for higher pumping time values
when the laser power is reduced. Looking at Figs 6(a) and 6(b), we could expect that the clock
Allan deviation is optimized for pumping times higher than 4-5 ms. However, as shown on Fig.
6(c), we found that the clock short-term frequency stability is optimized for pumping times in the
1-2 ms range. For clarification, we report on Fig. 7 the evolution of the central fringe line-width
with the pumping time in two different sequence parameters conditions. In the first case, during
the Ramsey-CPT fringe spectroscopy, a dead-time of 35 ms (~ 10 - 12 T5) is applied between each
acquisition point. In the second case, the sequence is closer to the one used in clock locked config-
uration. The dead time is suppressed, the LO frequency is swept more rapidly and the transmitted
power through the CPT cell is measured every clock cycle, i. e every 4.6 ms. For both tests, the
Ramsey time T is 3.5 ms and the laser power P; is 850 uW. With a slow scan of the LO frequency,
the fringe line-width is reduced with increased pumping time for low values of the pumping time.
The behaviour is totally opposite when lecture of the transmitted power is performed every clock
cycle, without any dead-time between two acquisition points. For low values of 7, it is worth to
note that the steady-state is not reached at the end of the first pulse. Consequently, when the
Ramsey fringes scan is fast and that no dead-time is applied between two acquisition points, the
hyperfine coherence is not fully relaxed at the end of the free-evolution time and the new coher-
ence builds up from the previous one. This is equivalent to a longer pumping time yielding a still
narrower recorded fringe. For 7, > 5 ms, both configurations give the same fringe line-width value

because the steady-state is reached at the end of each pulse. Figure 8 shows the impact of the



detection window length on the clock short-term frequency stability. The clock Allan deviation is

optimized for a detection time window ranging from 50 us to about 200 us.

2. Cell temperature

Figure 9 reports the central fringe contrast, line-width and contrast/linewidth ratio versus the
cell temperature. The laser power is 863 pW while Tp = 2.7 ms and 7, = 1.1 ms. The fringe
contrast is found to be maximized for a temperature of about 38°C. The fringe line-width is
slightly decreased with increased cell temperature. The ratio contrast/linewidth is optimized for a
temperature of about 38°C. Nevertheless, we note that the variation of this ratio is quite modest
(less than a factor 2) in the studied temperature range.

We report on Fig. 10 the clock Allan deviation at 1 s integration time for different laser power
values at several cell temperatures. In the temperature range studied here, the short-term frequency
stability is optimized in the pulsed case for laser powers higher than about 700 - 800 pW and reaches
after a plateau where no further improvement is achieved. Similar optimal stabilities of about 2-3

x 10713 at 1 s averaging time are demonstrated in the 33 - 42°C temperature range.

3. Short-term frequency stability

Measurements of the clock short-term fractional frequency stability were performed for com-
parison in both CW and pulsed regimes, with the parameter values optimizing the stability in
respective cases. In the CW regime, an AOM-based laser power stabilization system, as described
in [22], was implemented. In clock closed loop operation, the LO modulation frequency fys is
125 Hz, the modulation depth is = 80 Hz, the cell input laser power P; is 270 uW and the cell
temperature T.o; is 35°C. In the pulsed regime, no laser power stabilization is applied to date.
Experimental parameters are T, = 4.6 ms, Tg = 3.5 ms, 7, = 1.1 ms, 7p = 50 us, P; = 850 pW
and T,..;; = 35°C.

Figure 11 shows typical recorded clock signals in both CW and pulsed regimes. In the CW regime,
the signal amplitude is S = 0.31 V, the resonance line-width is Av ~ 538 Hz, yielding a frequency
discriminator slope roughly estimated by S; = S/Av = 5.7 x 10~* V/Hz and the resonance con-
trast is C' = 31.8 %. In the pulsed regime, we obtain a central fringe with an amplitude S = 0.48
V, a line-width Av = 134 Hz, yielding S; = 3.6 x 1073 V/Hz and a contrast C of 17 %. These

characteristics in both regimes are resumed in Table I.



Figure 12 shows the Allan deviation of the clock frequency in both CW and pulsed regimes.
The clock short-term fractional frequency stability is measured to be 2.1 x 107137~1/2 and
2.3 x 10713712 for integration times up to a 100 seconds in the CW regime (with laser power
servo) and pulsed case respectively. These performances are slightly better than those reported in
[22] and close to those of best vapor cell atomic frequency standards [8, 12]. In the present study,
comparable performances are obtained in the CW and the pulsed regime. Such conclusions were
also reported in [33, 34].

The short-term frequency stability of an atomic clock results from a trade-off between the
resonance-based frequency discriminator slope S; and the detection noise. In the pulsed case,
the sequence parameters have also to be taken into account. Table I resumes and compares main
experimental conditions, clock resonance characteristics and noise contributions to the clock short-
term fractional frequency stability, in both CW and pulsed regimes. The definition and estimation
of noise sources contributions, supported by experimental measurements, were performed follow-
ing the methodology described in [18]. For sake of simplicity, we consider only white noise sources

and we assume that the different noise contributions can independently add. The total expected

2

Allan variance oy

(1) is computed as the sum of O'Z o (contribution due to the phase noise of the

2

local oscillator) and ) ;0 .,

with aipi the Allan variance of the clock frequency induced by the
fluctuations of the parameter p; [18].

A correct agreement is found between the measurements and calculations. In the CW regime,
the main limitation of the clock short-term frequency stability is the laser-induced amplitude
modulation-to-frequency modulation (AM-FM) effect, caused by the sensitivity of the clock fre-
quency to laser power variations. Following contributions are the laser amplitude modulation-to-
amplitude modulation (AM-AM) noise (detection signal AM noise induced by the laser AM noise)
and the LO phase noise [25]. We note that, without laser power stabilization, the laser AM-FM
noise contribution is increased by a factor 2-3 while the AM-AM noise contribution is increased at
the level of 1.9 x 10713, In this case, the clock short-term fractional frequency stability was found
to be degraded by a factor of 2-3, yielding 4-6 x 10713 at 1 s. In the pulsed case, the main contri-
bution to the noise budget is to date the laser AM-AM noise process at the level of 2.7 x 10713,
followed by the laser FM-AM conversion process (detection signal AM noise induced by the laser
carrier frequency noise), the LO phase noise and the laser AM-FM process. Other contributions
are well below and negligible at the moment. With laser power stabilization, assuming a gain on
the detection noise similar to the one obtained in the CW regime, the laser AM-AM contribution

could be reduced in the pulsed case at the level of 4.8 x 107! instead of 2.7 x 1073 presently.
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This would lead in the pulsed case to an overall fractional frequency stability at the level of 1 x
10713 at 1 s averaging time.

In the present configuration, pulsed and continuous regimes show similar short-term frequency sta-
bility levels. Indeed, according to Table I, we notice that the contribution to the clock frequency
stability of the laser AM-FM noise is 4.4 times lower in the pulsed case than in the CW case, due to
a larger light shift coefficient in the latter case. This gain in the pulsed regime is counter-balanced
by the laser AM-AM noise contribution, 4.5 times higher than in the CW regime. This is due to a
large extent to a higher AM-noise level in the pulsed regime (a factor of 28 with respect to the CW
regime), because of the absence of power stabilization and a higher incident laser power into the

cell, counter-balanced by a larger frequency discriminator (6.3 times higher in the pulsed regime)

B. Preliminar investigations on light-shift effects

A major and common issue in most vapor cell clocks is the degradation of their fractional
frequency stability for integration times typically higher than 100 or 1000 s. This characteristic
is a serious obstacle to their deployment in practical applications. This degradation is generally
caused by laser intensity and frequency light-shift effects, cell temperature or pressure effects. In
general, light shift is recognized as a major cause and is being studied with significant interest
[35—-44] for improvement of atomic frequency standards. As reported in previous literature [23, 24],
the pulsed interaction presents the advantage to reduce significantly the sensitivity of the clock
frequency to laser intensity variations.

For this purpose, we decided to report a preliminary investigation of light-shift effects in this clock
in the pulsed regime. Figure 13(a) plots the clock frequency (frequency shift from the unperturbed
Cs atom frequency 9.192 631 770 GHz) versus the laser power for several values of Tr. Results
obtained in the continuous regime are reported for comparison. Experimental parameters are: Tey
= 35°C, 7, = 1.1 ms and 7p = 50 us. In the CW regime, the intensity light-shift coefficient is
measured to be 8 x 1072 yW~! (relative to the clock frequency). In the pulsed case, we observe
a significant reduction of the light shift slope with increased Ramsey time, resumed on Fig. 13(b).
The light-shift slope is reduced to 6 x 1073 yW~! and 3 x 10713 yW~! for Tp = 2 and 4 ms
respectively. This behavior is qualitatively explained by the fact that with increased Tgr, atoms
spend a longer fraction of the clock cycle in the dark where they experience no or a greatly reduced
light shift effect. In Ref. [45], C. Bordé reports for a 2-photon transition scheme that the light shift

slope in a pulsed Ramsey scheme should be reduced compared to the continuous regime case by
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a factor proportional to d/wy where d is the distance between both Ramsey cavity zones and wy
the interaction length. In the present pulsed CPT clock experiment, the ratio d/wy is equivalent
to the Tr/7), ratio. In our experimental case, with 7, = 1.1 ms and Tr = 3.5 ms, we observe that
the light-shift slope is reduced by a factor of about 26 in the pulsed regime, much greater than the
observed factor 3.5/1.1 = 3.2. This disagreement, related to the specificity of the Ramsey-CPT
interrogation, will be studied in a near future.

In the present experiment, the sensitivity of the clock frequency to laser power variations is (in
fractional value) at the level of 8 x 10724 W~ in the CW regime and reduced by a factor 26 to
3 x 1073uW~! in the pulsed case (T = 3.5 ms). Simultaneously, the typical laser power used in
optimal clock operation is a factor 3.14 lower in the CW case (P; = 270 W) than in the pulsed
case (P; = 850 uW). In that sense, we can expect that the pulsed interaction, compared to the
CW case, should relax the constraints on the required relative laser power fluctuations by a factor
of about 26/3.14 = 8.3 (about one order of magnitude) to reach a given clock frequency stability
level.

—1/2 i3 expected to reach the

An ideal clock with a fractional frequency stability of 2 x 10713 7
10~ level after about 400 s integration time. In the CW regime, from data given just above, this
requires to demonstrate that laser power fluctuations o P; at 400 s averaging time are lower than
1.25 nW, i.e. oP;/P; = 4.6 x 1075, In the pulsed case, this laser power control level would be
reduced such that o P;/P; = 3.8 x 107, which seems easier to achieve.

In that sense, the pulsed interaction is expected to be the best solution for the demonstration of a
clock with improved mid-term and long-term frequency stability. Note that the pulsed interaction
involves a bit more complex digital electronics design for proper operation of all required servo
loops of the clock and the addition of a fast optical switch to generate the light pulsed sequence.
However, these functions remain accessible without any significant increase of the consumption

and cost of the device. Detailed investigations will be pursued in the future in the laboratory to

improve the mid-term and long-term frequency stability performances of the present clock.

IV. CONCLUSIONS

We have demonstrated a pulsed CPT-based Cs vapor cell atomic clock exhibiting a short-
term fractional frequency stability of 2.3 x 107137712 up to 100 seconds averaging time. These
performances are comparable to those of best vapor cell microwave frequency standards developed

worldwide. The clock short-term frequency stability was optimized through the adjustment of key
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experimental parameters including the cell temperature, the laser power and the Ramsey-CPT
sequence parameters. A dependence on laser power of the central fringe in the pulsed regime
was reported. The central fringe line-width was measured commonly narrower than the expected
Ramsey line-width 1/(2Tx) for short free-evolution times. Similar frequency stability performances
were obtained in the CW regime, with the use of an additional laser power stabilization system.
A significant reduction of the clock frequency sensitivity to laser power variations was measured
in the pulsed case, especially for high values of the free-evolution time Tr. We think that the use
of a pulsed Ramsey-like interrogation, possibly combined with some extensions of Hyper-Ramsey
spectroscopy and original synthetic frequency protocols [35, 43, 44| applied to CPT, improved
laser power stabilization or advanced frequency drift compensation techniques, are exciting and
promising methods to improve the long-term frequency stability performances of such CPT-based

vapor cell clocks.
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TABLE I: Main characteristics of the clock resonance and contributions to the clock short term frequency
stability at 7 = 1 s. The noise sources contributions are named and calculated as described in [18]. The
local oscillator (LO) phase noise item describes the contribution of the LO phase noise to the clock Allan
deviation through the intermodulation (CW case) or Dick effect (pulsed case) [25]. The laser AM-AM noise
is the amplitude noise induced by the laser intensity noise. The laser FM-AM noise is the amplitude noise
induced by the laser carrier frequency noise. The P,,, item stands for contributions of the microwave power
fluctuations to the clock Allan deviation. Laser AM-FM and FM-FM are laser-induced frequency-shift effects
from laser power or laser frequency variations respectively. Other contributions, from the cell temperature
(item Trey) and magnetic field (item B), are much lower. In the CW regime, the laser power is stabilized

whereas it is not in the pulsed case.

Regime CwW Pulsed
S (V) 0.31 0.48
Av (Hz) 538 134
S, =S/Av (V/Hz)| 5.7 x 1074 3.6 x 1073
C (%) 31.8 17
CSi 1.8 x 107* | 6.1 x 107*
P; (uW) 270 850
P, (uW) 56 205
Teen (°C) 35 35
faror fe 125 217
Noise Source |0 (1) x 1013|o (1s) x 10*2
Shot noise 0.16 0.27
Detector noise 0.11 0.10
LO phase noise 0.5 0.6
Laser AM-AM 0.6 2.7
Laser FM-AM 0.39 0.49
P 5x 1072 5.7 x 1072
Laser AM-FM 2.16 0.49
Laser FM-FM 2.7 %1072 | 29 x 1072
Teenr 8 x 1073 2.4 x 1073
B 3.8 x107% | 3.8 x 1073
Total (expected) 2.4 2.9
Measured 2.1 2.3
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Figure captions

. (Color online) Schematic of the pulsed Cs vapor cell atomic clock based on push-pull optical
pumping. DFB: Distributed feedback diode laser, FC: fiber collimator, MZ EOM: Mach-
Zehnder electro-optic modulator, AOM: acousto-optic modulator, LO: microwave local os-
cillator, FPD: fast photodiode, PD1: photodiode, RF: radiofrequency source, bias: reference
voltage, Michelson: Michelson-type delay-line and polarization orthogonalizer system, M:
mirror, QWP: quarter-wave plate, HWP: half-wave plate, PC-DAQ: personal computer -
data acquisition card. The inset shows the CPT diagram involved in the push-pull optical

pumping technique.

. (Color online) Typical sequence used to perform Raman-Ramsey spectroscopy. (a) spec-

troscopy (b) clock operation.

. (Color online) Typical Ramsey-CPT fringes. Experimental parameters are T = 3.5 ms, 7p
=50 ps, 7p = 1.1 ms, P; = 850 uW, T,y = 35°C. The inset shows a zoom on Ramsey-CPT

fringes on a total span of 1.5 kHz.

. (Color online) (a) Central fringe line-width versus the laser power P; incident in the cell for
several values of T (1, 2, 3.5, 5 and 10 ms). Experimental parameters are : T.o; = 35°C,
Tp = 1.1 ms, 7p = 50 us. Experimental data are compared with a numerical model based on
optical Bloch equations (see the article text). For information, the grey dashed and the pink
dotted lines show the expected 1/(2Tr) line-width for T = 1 or 3.5 ms respectively. Results
obtained in the pulsed regime are compared with the CPT line-width measured in the CW
regime. Experimental data in the CW case are fitted by a linear function. (b) Central fringe
contrast versus the laser power P; incident in the cell for same values of Tr. Results in the

CW regime are reported. Symbols: experimental data. Solid lines: fit (see the text).

. (Color online) Fringe amplitude (a), FWHM (b) versus the free-evolution time Tx for several
values of the laser power P; (200, 500, 850, 1000 xW). Other parameters are To; = 35°C,
7, = 1.1 ms and 7p = 50 pus. For (a), experimental data are fitted by an exponential decay
function. For (b), experimental data are compared to the 1/(27g) line-width. Experimental
data are in correct agreement with a 3-level atom model calculation (see the article text).
(c): Clock short-term fractional frequency stability at 1 s integration time versus Tr. The

laser power P; is 850 pW.
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(Color online) Central fringe contrast (a), FWHM (b) versus the pumping time 7, for several
values of the laser power P; (200, 500, 850, 1000 xW). Other parameters are T = 35°C,
Tr = 3.5 ms and 7p = 50 us. A dead-time of 35 ms is applied between each acquisition
point for (a) and (b). (c): Clock short-term frequency stability at 1 s integration time versus

7p- The laser power P; is 850 pW.

. (Color online) Central fringe line-width versus the pumping time 7, in two different condi-

tions. In the first case, a dead-time of 35 ms is applied between each acquisition point. In
the second case, the transmitted power through the cell is recorded every ”clock” cycle, i.e

every 4.6 ms. Experimental parameters are T,..;; = 35°C, P; = 850 uW, Tr = 3.5 ms.

Clock Allan deviation at 1 s averaging time versus the detection window length. Experimen-

tal parameters are Tr =3.5 ms, 7, =1.1 ms, T,y = 35°C, F; = 850 uW.

(Color online) Central fringe contrast, line-width and contrast/linewidth ratio versus the cell
temperature. Experimental parameters are: P; = 863 uW, Tp = 2.7 ms, 7, = 1.1 ms, 7p =

50 ps.

(Color online) Clock Allan deviation at 1 s integration time versus the laser power P; for
several cell temperature values. Experimental parameters are: Tr = 2.7 ms, 7, = 1.1 ms,

Tp = 50 us.

(Color online) Typical clock signals in CW and pulsed regimes. In the CW regime, the laser
power is P; = 270 uW. The experimental spectrum is fitted by a Lorentzian function (in
blue). In the pulsed regime, parameters are: P; = 850 uW, Tp = 3.5 ms, 7, = 1.1 ms, 7p =
50 ps.

(Color online) Allan deviation of the clock frequency in both CW (black triangles) and pulsed
(red squares) regimes. In the CW regime, the laser power is actively stabilized at P; = 270
uW, the local oscillator modulation frequency fas is 125 Hz and the LO modulation depth is
480 Hz. The dashed line is a fit to the curve with a 2.1 x 10713 771/2 slope. In the pulsed
case, experimental parameters are: P; = 850 uW, Tg = 3.5 ms, 7, = 1.1 ms, 7p = 50 us.

The dashed line is a fit to the curve with a 2.3 x 10713 771/2 glope.

(Color online) (a) Clock frequency shift (from the unperturbed Cs atom frequency) versus

the laser power P; in the CW and pulsed regime for several values of Tx (1, 2, 4, 6 and 8 ms).
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Experimental parameters are: T,o; = 35°C, 7, = 1.1 ms and 7p = 50 ps. (b): Light-shift

slope versus the 7,/Tr ratio. Experimental data are fitted by a linear function.
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