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We report a high-performance pulsed coherent population trapping (CPT) Cs cell atomic clock

using the implementation of a symmetric auto-balanced Ramsey (SABR) interrogation sequence.

The latter method is found to reduce the light-power induced frequency shift by an order of magni-

tude compared to a previous experiment using a simple auto-balanced Ramsey interrogation. The

contribution of this shift to the clock frequency stability is now rejected in the 10�16 range at 104 s

averaging time. Additional tricks, including a compensation method to reduce the laser amplitude

noise contribution and the generation of novel error signals for local oscillator frequency and phase

correction, have been implemented using a FPGA-based digital electronics board in order to

improve the clock short-term stability by a of factor 2. The Allan deviation of the SABR-CPT

clock, extracted from a selected 3� 104 s-long dataset, is 2� 10�13 s�1=2 and averages down to the

level of 2.5� 10�15 at 104 s. These results are encouraging to stimulate the development of hot cell

CPT-based clocks for industrial, scientific, and instrumentation applications. Published by AIP
Publishing. https://doi.org/10.1063/1.5030009

Compact vapor cell atomic clocks are high-precision

time and frequency instruments that exhibit a strong poten-

tial for deployment and commercialization in a wide variety

of applications including telecommunication network syn-

chronization, secure data transfer, satellite-based inertial

navigation, defense, geodesy, or smart power grids. Widely

used devices are commercial Cs beam clocks1 and double-

resonance Rb vapor cell clocks,2,3 both offering for time

scales higher than 102–103 s frequency stability performan-

ces which are superior to quartz oscillators while maintain-

ing a modest volume, power consumption, and cost.

Different approaches have been proposed for the develop-

ment of new-generation high-performing vapor-cell compact

atomic clocks.4 The pulsed optically pumped (POP) Rb fre-

quency standard has demonstrated outstanding performances

with a fractional frequency stability of 1.7� 10�13 s�1=2 up

to 1000 s and at the level of 10�14 at 105 s.5 Similar short-

term stabilities have been obtained with revisited double-

resonance schemes, pumped by lamps6 or by lasers.7

An alternative approach is the development of atomic

clocks based on coherent population trapping (CPT).8,9 This

method, well-recognized for having permitted the commer-

cialization of chip-scale atomic clocks,10–12 has already dem-

onstrated competitive short-term instabilities at the level of

2–4� 10�13 s�1=2.13–16 However, these clocks suffer in gen-

eral on time scales longer than 100 s from significant fre-

quency instabilities mainly attributed to light-induced

frequency shift effects.

An elegant approach to reduce this major contribution is

to probe the atoms with a pulsed Ramsey-CPT sequence.17

This method allows the detection of narrow Ramsey-CPT

fringes whose linewidth is mainly dependent on the free-

evolution time and poorly affected by the power broadening

and for which resonant light shifts scale inversely with the

free-evolution time in the dark.15,18,19 However, the

Ramsey-CPT interrogation exhibits a non-negligible residual

sensitivity to light-shift effects.

In a recent work, we have proposed the application of

the auto-balanced Ramsey (ABR) interrogation protocol20,21

onto a pulsed CPT-based Cs cell clock.22 This method is

based on the alternation of two successive Ramsey-CPT

sequences with unequal free-evolution times and the subse-

quent management of two interleaved phase and frequency

servo loops. This approach has demonstrated a reduction of

the CPT clock frequency sensitivity to laser power varia-

tions, yielding a clock Allan deviation of 3.1� 10�13 s�1=2

averaging down to 6� 10�15 at 2000 s. In this study, it was

also reported that the clock short-term frequency stability in

the ABR-CPT regime was slightly degraded by a factor 2

compared to the Ramsey-CPT regime, due to the modified

clock cycle time and sequence.

In the present paper, we report that an atomic memory

effect, explained by the fact that the repetition rate of the

successive Ramsey sequences is faster than the CPT coher-

ence relaxation rate, induces in the ABR-CPT regime a

frequency-error in the light-shift estimation. The atomic sig-

nal level detected at a given CPT pulse depends also on the

previous CPT pulses. If not suppressed, this effect prevents a

complete cancellation of the probing-field induced frequency

shift and limits the efficiency of the ABR-CPT protocol.

To tackle this issue, we demonstrate here the implementa-

tion of a symmetric ABR-CPT (SABR-CPT) interrogationa)Electronic mail: rodolphe.boudot@femto-st.fr
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sequence that allows the generation of two successive offsets

with equal modulus and opposite sign that cancel each other.

While representing a minor modification to apply in the

sequence from an experimental point of view, the SABR-CPT

protocol is found to reduce by a supplemental order of magni-

tude the dependence of the clock frequency to laser-power

variations. Additionally, we report the real-time processing of

novel error signals and the implementation of a simple com-

pensation method that reduces the laser amplitude (AM) noise

contribution. This yields a gain of a factor 2 on the clock

short-term stability. These efforts conduct to the demonstra-

tion over a selected 3� 104 s-dataset measurement of a hot

vapor Cs cell clock with an Allan deviation of 2� 10�13

s�1=2, averaging down to the level of 2� 10�15 at 104 s.

Figure 1 describes the Cs CPT clock experimental setup.

The optical part has already been described in detail in Ref.

15. Only main points are here recalled. The light of a distrib-

uted feedback (DFB) diode laser is injected into a fibered

Mach-Zehnder electro-optic modulator (EOM) driven at

4.596 GHz in order to produce two first-order optical side-

bands frequency-split by 9.192 GHz for CPT interaction. The

laser first-order sideband frequencies are connected and sta-

bilized to the Cs D1 line at 894.6 nm using a dual-frequency

Doppler-free spectroscopy setup.23,24 An acousto-optical

modulator (AOM) shifts the laser frequencies by �122 MHz

to compensate for the buffer-gas induced optical frequency

shift25 in the CPT cell, controls the laser power, and produ-

ces the optical CPT pulse sequence. A Michelson-like sys-

tem produces the two bi-chromatic optical fields with

orthogonal circular polarizations and a half-clock period

delay of the push-pull optical pumping scheme26,27 (PPOP).

Before the CPT cell, a fraction of the light is now reflected

by a cube and recorded by the photodiode PD2. The trans-

mitted light crosses a 5-cm long and 2-cm diameter Cs vapor

cell filled with 15 Torr of a N2-Ar buffer gas mixture (pres-

sure ratio PAr=PN2
¼ 0:6).28 A longitudinal static magnetic

field of 50 mG is applied. A double-layer mu-metal magnetic

shield surrounds the cell package. The light transmitted

through the cell is detected by the photodiode PD1.

The local oscillator (LO) is an ultra-low phase noise

100 MHz oven-controlled quartz crystal oscillator (OCXO).

This source is frequency multiplied to 4.596 GHz with a low

noise microwave frequency synthesis chain.29 The clock

operation (except for the laser head) is piloted now by a

single digital electronics board.30 The latter integrates a

direct digital synthesis (DDS1: 25.9 MHz output) for the

microwave synthesis chain, a second DDS (DDS2: 122 MHz

output) to drive the AOM and apply the light pulse sequence,

three 18-bit analog-to-digital converters (ADCs) to acquire

the atomic signal (PD1 signal), the photodiode PD2 signal,

and the 4.596 GHz signal microwave power (through the use

of a Schottky diode), and a digital-to-analog converter

(DAC) to drive the OCXO frequency. All these elements are

interfaced with a central FPGA that pilots the clock. The

OCXO output signal is frequency-divided from 100 MHz to

10 MHz and is compared to the 10 MHz signal from an

active hydrogen maser using a phase noise and Allan devia-

tion test set (Microsemi 5120A).

Figure 2 describes the SABR-CPT sequence. Optical

CPT pulses of length 1.1 ms are used for both CPT pumping

and CPT detection and are separated by unequal free-

evolution dark times. On each pulse, a time delay sd of 20 ls

is applied before opening a detection window sD of length

120 ls during which the atomic signal (PD1) and the laser

power signal (PD2) are averaged.

The sequence is divided into two basic sub-sequences

(white and pink areas in Fig. 2), each of them consisting of

two short dark times (TS) followed by two long dark times

(TL). In the first sub-sequence, similar to the one applied in

Ref. 22, the signal is successively measured on the left (l)
and on the right (r) of the central Ramsey-CPT fringe for

both TS and TL dark time windows, producing two successive

error signals eS (for TS) and eL (for TL). A p/2 phase modula-

tion is applied onto the Raman phase using DDS1 during the

dark time for this purpose. An additional phase jump uc,

generated to compensate for the probing-field induced clock

frequency shift,20 is applied just after each 6p/2 jump. In

our experiment, due to the lack of phase resolution of the

DDS1, this phase jump is applied by producing a frequency

jump D�c during a time window Dt. In Ref. 22, the error sig-

nal eS extracted from the cycle with TR ¼ TS was used to

compute the value of the phase jump uc applied in the next

iteration, while the error signal eL extracted from the cycle

with TR ¼ TL was used to correct the LO frequency. At the

end, the control electronics manages two interleaved phase

and frequency servo loops targeting to null both signals eS

FIG. 1. ABR-CPT clock setup. The bias box is a bias voltage applied to

allow the optical carrier suppression at the output of the EOM. All acronyms

are defined in the text. The inset shows the CPT scheme diagram involved in

the experiment. FIG. 2. SABR-CPT sequence.
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and eL. A correction is applied to the LO frequency and to

the phase-jump value uc at the end of each sequence, just

after the last detection window.

While demonstrating encouraging performances, we

have observed in the ABR-CPT configuration described in

Ref. 22 that the sensitivity of the clock frequency to laser

power variations could be minimized by adding a slight volt-

age offset to the error signal of the phase loop, indicating

that a fraction of the light shift was not correctly detected

and/or compensated. We now explain this behavior by an

atomic memory effect. Since the light pulses are too short to

get the steady-state and since the coherence lifetime T2

(�3 ms) is not short compared to the length of a Ramsey

sequence (�3–6 ms), the signal level detected at a given

CPT pulse depends on the length of the two previous dark

times. Consequently, the fringe signal detected at the end of

a short (or long) free-evolution time is slightly increased

when the preceding dark time is short. In contrast, the fringe

signal is slightly decreased if the preceding dark time is

long. Depending on whether the preceding dark time is short

or long, these voltage offsets induce in the light-shift estima-

tion slight frequency offsets of opposite sign, noted in Fig. 2

� and �, respectively. We note that the application of the

ABR protocol on this CPT experiment is in that sense nota-

bly different from the situation encountered in the Ybþ ion

clock experiment on which the ABR method was first pro-

posed and where successive Ramsey sequences are fully

independent.20

To tackle the above-mentioned issue, we have imple-

mented as shown in Fig. 2 the SABR-CPT interrogation

sequence. In the second sub-sequence (pink area of Fig. 2),

the phase of the interrogating signal is now changed with

opposite sign, meaning that the signal readout is performed

first on the right (r) part of the fringe and then on the left (l)
part. The SABR-CPT protocol sequence allows the genera-

tion of two successive offsets (noted A and �A in Fig. 2) with

equal modulus and opposite sign that cancel each other,

yielding to enhance the rejection of light-shift effects.

Efforts were also pursued to improve the clock short-

term stability in the ABR-CPT regime. In Ref. 22, the latter

was found to be slightly degraded by a factor 2 in the ABR-

CPT method compared to the usual Ramsey-CPT case. This

degradation was partly explained by the fact that cycles dedi-

cated to the LO phase correction act as a dead time (loss of

information) for the LO frequency servo loop.29 To respond

to this issue, we have implemented the real-time calculation

of two novel error signals. The sum eþ ¼ eS þ eL of the two

error signals is used to correct the LO frequency, while the

difference e– ¼ eS � eL is extracted to correct the phase-jump

value uc. In that way, all pulses are exploited to extract some

useful information for correction of both the phase-jump

value and frequency.

In Ref. 22, the clock short-term stability in the ABR-

CPT regime was mainly limited by the laser AM noise. In

order to reduce this contribution, the system now acquires

the voltage signals V1 and V2 from photodiodes PD1 and

PD2, respectively. The useful signal managed in clock oper-

ation to extract error signals is then V ¼ V1 � kV2, where k is

a compensation factor to be adjusted. Similar techniques

have been used in the literature.31 This method was found to

improve the clock short-term frequency stability in the ABR-

CPT regime by a factor 2.

Figure 3 shows typical error signals managed in the

ABR-CPT clock experiment. This includes the error signal

eL extracted from a long dark time (TL ¼ 4 ms) (a), the error

signal eS extracted from a short dark time (TS ¼ 1 ms) (b),

the sum of both error signals eþ ¼ eL þ eS (c), and the differ-

ence of both error signals e– ¼ eS � eL (d).

Figure 4 reports the frequency shift (referred to

9.192639290 GHz, i.e., the clock frequency buffer-gas

shifted by þ7520 Hz from the unperturbed Cs atom fre-

quency) versus the laser power PL, the laser frequency fL, the

FIG. 3. Error signals managed in the

ABR-CPT clock. (a) eL (TL ¼ 4 ms),

(b) eS (TS¼ 1 ms), (c) eþ ¼ eL þ eS,

and (d) e– ¼ eS � eL. Values used here

are sp ¼ 1.1 ms, sD ¼ 120 ls, and sd ¼
20 ls.
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microwave power Pl, and the cell temperature Tcell, respec-

tively. The clock frequency-laser power dependence is found

to be non-linear in the 150–1000 lW range. However,

around the typical laser power working point used in the

clock configuration (�850 lW), the sensitivity of the clock

frequency to laser power variations can be reasonably fitted

by a linear function and is reduced to only �2.9� 10�15/

lW, in fractional value. This coefficient is about 10 times

lower than with our first ABR-CPT test,22 80 times lower

than in the Ramsey-CPT case15 and about 800 times smaller

than in the continuous CPT regime.14 This gain is the direct

consequence of the SABR-CPT interrogation sequence.

The dependence of the clock frequency to the laser fre-

quency is well-approximated by a linear function in the stud-

ied range, yielding a residual sensitivity in the fractional

value of 2.4� 10�13/MHz. This value is comparable to the

one measured in the conventional Ramsey-CPT regime.14,15

The sensitivity of the clock frequency to microwave power

variations is measured to be in the fractional value of about

10�13/%. This coefficient is about 5 times lower than the one

obtained in the Ramsey-CPT case. The explanation of these

residual sensitivities remains to be determined. In our experi-

ment, the temperature dependence of the clock frequency is

canceled at the first-order around an inversion temperature of

about 34.6 �C [Fig. 4(d)].28 Fitting experimental data by a

second-order polynomial function, the residual cell tempera-

ture dependence of the fractional clock frequency shift

around this point is estimated to be 8� 10�11 K�2.

Figure 5 reports the Allan deviation of the clock fre-

quency obtained in different conditions and distinct

moments. Measurements (a) and (b) were previously

reported in Ref. 22 and are shown for comparison. In both

cases (a) and (b), a high-bandwidth laser power servo loop

was used. The latter allowed in reducing the detection noise

at the clock cycle frequency (then optimizing the clock

short-term stability) but also laser power fluctuations at 104 s

by a factor 40 compared to the free-running regime.22 In

curve (a), the clock was operated in the usual Ramsey-CPT

regime (TR ¼ 2.7 ms). In this case, the clock frequency sta-

bility was optimized at the level of 1.45� 10�13 s�1=2 up to

200 s, degrading after to reach the level of 10�13 at 104 s. In

case (b), the clock was operated in the ABR-CPT regime22

with a single ABR-CPT sub-sequence. The clock Allan devi-

ation, extracted from a selected limited duration dataset

where environmental conditions were quiet, was measured to

be 3.1� 10�13 s�1=2, averaging down to 6� 10�15 at 2000 s.

Measurements (c) and (d) are the results from the pre-

sent study with the SABR-CPT protocol. Here, only a low-

bandwidth laser power servo loop is active. The latter does

not help to improve the short-term stability but allows to

reach a similar level of relative power fluctuations at 104 s

than the previous power servo system. The laser AM noise

compensation method described above is turned off for (c)

and active for (d). Data of curve (c) are extracted from a 5-

day measurement. Here, the clock short-term frequency sta-

bility in the ABR-CPT regime is slightly degraded compared

FIG. 4. Frequency shift (from

9.192639290 GHz, the clock fre-

quency) versus the laser power (a), the

laser frequency (b), the microwave

power at 4.6 GHz injected into the

EOM (c), and the cell temperature (d).

For (d), data points are measured at a

laser power of 800 lW.

FIG. 5. Allan deviation of the clock frequency. (a): Ramsey-CPT regime (TR

¼ 2.7 ms),22 (b) ABR-CPT regime with a single sub-sequence,22 (c) SABR-

CPT regime with two sub-sequences, 5-days measurement, normalization

method off, and (d) SABR-CPT regime with two sub-sequences, selected

30 000 s-dataset, normalization method active. Dotted lines are s�1=2-slope

fit curves to the data.
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to curve (b) to 4� 10�13 s�1=2 due to the limited bandwidth

of the laser power servo loop. For averaging times higher

than 3000 s, the clock Allan deviation evolves with

1:5� 10�16 ffiffiffi

s
p

, signature of a frequency random walk, and

is 3� 10�14 at 4� 104 s. The Allan deviation plot of curve

(d) is extracted from a selected 30 000-s duration dataset

with quiet environmental conditions. In this case, the clock

short-term stability is improved by a factor 2 compared to (c)

thanks to the normalization method. Note that the latter only

helps to reduce the detection noise at the clock cycle fre-

quency and then the short-term stability but does not explain

in curve (d) the stability improvement after 1000 s in com-

parison with (c). This measurement also shows that the clock

stability may reach the level of 2.5� 10�15 at 104 s.

Table I resumes some usual main contributions to the

clock stability at 104 s in the SABR-CPT regime, with active

laser power servo.

The outstanding result from this analysis is that the

SABR-CPT protocol allows us to reject the contribution of

the laser-power induced shift at the negligible level of

2.5� 10�16 at 104 s. This led the clock to reproducibly reach

the level of 2.5� 10�15 for short measurement times. Other

contributions studied here are found to be roughly of equal

importance (close to the 10�15 level) and will have to be

considered with precaution.

For long-duration measurements (curve c), investigations

are still in-progress to identify the main source of degradation

of the clock frequency stability. This supplemental frequency

instability is suspected to be linked to temperature variations

or atmospheric pressure variations of the experimental setup.

A relevant correlation between the clock frequency and both

the AOM and laser head system temperatures has been

observed. Other possible causes, unexplored to date in the

ABR-CPT regime, could be frequency shifts induced by varia-

tions of the light field polarization, sideband asymmetry,32,33

or phase chirps and Zeeman shifts.20 All these aspects will be

studied in detail in a near future.

This work was supported by LNE and LabeX FIRST-

TF. The authors thank C. Rocher and P. Abb�e (FEMTO-ST)
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TABLE I. Typical clock stability budget at s ¼ 104 s.

Source Sensitivity Fluctuations ry(s) (10�15)

PL 2.9� 10�15/lW 0.085 lW 0.25

fL 2.4� 10�13/MHz 3.35 kHz 0.8

B 4.6� 10�9/G 4� 10�7 G 1.85

Pl 1� 10�13/% <0.01% <1

Tcell 8� 10�11/K�2 <10�4 K <0.8
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