
IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. XX, NO. XX, XXXX 2025 1

Frequency shifts in a coherent population
trapping Cs vapor cell atomic clock

Juliette Breurec, Moustafa Abdel Hafiz, Claudio E. Calosso, Oriane Lelièvre and Rodolphe Boudot

Abstract— We report on measurements of frequency
shifts in a high-performance microwave cesium va-
por cell atomic clock based on coherent population
trapping (CPT). The dependence of the clock fre-
quency on numerous experimental parameters, such
as the laser power, the laser frequency, the microwave
power, the cell temperature, the static magnetic field,
but also the temperature of some key components,
or the translation and rotation of critical wave plates
and optical elements, is investigated. The stability
budget of the clock frequency at 1 day is reported and
discussed. This study constitutes a solid database for
the future demonstration of a CPT-based cell clock
with enhanced mid- and long-term stability perfor-
mances.

Index Terms— Allan deviation, Atomic clocks, Frequency shifts, Frequency stability, Vapor cell

I. INTRODUCTION

Microwave vapor cell atomic clocks, which rely on the
interaction of a probing microwave field with optically pumped
alkali atoms confined in a hot buffer gas-filled vapor cell,
offer excellent fractional frequency stability in a modest size
and power budget. These devices have been used in numerous
scientific and technological applications such as satellite-based
navigation and positioning systems [1], telecommunications,
instrumentation, or metrology.

The Rb cell atomic frequency standard is the most famous
vapor cell atomic clock [2]. The latter, using a lamp as an
optical source, and based on the continuous optical-microwave
double resonance (DR) technique, has demonstrated remark-
able frequency stability results, motivating its regular deploy-
ment in GNSS constellations [3]. However, the large spectral
width of the spectral lamp deteriorates the optical pumping
efficiency and then the short-term stability of the clock, while
light-shift effects, favored by the continuous interaction of
atoms with light, degrade the long-term stability of the clock
[4], [5].
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Research activities on the development of vapor cell clocks
have been driven by two main perspectives. The first axis
aims to achieve ultra-low power chip-scale atomic clocks
(CSACs) [6]–[9]. These pocket-size references are based on
coherent-population trapping (CPT) physics [10], [11] and
were made possible thanks to the advent of wafer-scalable
microfabricated vapor cells [12]–[20] and high-bandwidth
vertical-cavity surface-emitting lasers [21]–[23]. These clocks
are integrated in a volume of 15-20 cm3, consume about
125 mW and offer stabilities at the 10−11 level or below at
1 hour and 1 day integration time [24]–[28]. Nevertheless,
their stability performances remain insufficient to satisfy the
stringent timekeeping specifications of some strategic systems.

The second axis deals with the development of vapor
cell clocks with superior stability performances. These cell
clocks, for which the lamp is replaced by a narrow-linewidth
semiconductor diode laser, usually rely on the use of advanced
pulsed Ramsey-type interrogation techniques [29] that benefit
the quality factor of the detected atomic resonance while
mitigating the sensitivity of its frequency to variations of
the light field. In this domain, the pulsed optically-pumped
(POP) Rb cell clock [30]–[33], for which optical pumping and
microwave interrogation are separated in time, and detection
of the clock transition is performed in the optical domain, has
achieved record stability performances for a microwave cell
clock, with an Allan deviation of 1.2 × 10−13 at 1 s, and
reaching 6 × 10−16 at 40 000 s (with drift removal and
restricted length dataset selection) [34].

An alternative to the DR approach for making microwave
vapor cell clocks is to employ CPT spectroscopy. Continuous-
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Highlights

• Stability budget at 1 day integration time in a high-performance CPT-based Cs cell atomic clock is established and discussed.
• Measured contributions yield an estimated stability budget of 3.5 × 10−14 at 1 day.

• This study will support the development of high-stability CPT-based vapor cell clocks devoted to be deployed in navigation
systems, communications, instrumentation or metrology.
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Fig. 1. Architecture of the CPT-based vapor cell atomic clock. CL: converging lens. Iso: Optical isolator. λ/2: half-wave plate. PBS: Polarizing
beam splitter. λ/4: quarter-wave plate. BS: Beam splitter. FPD: Fast photodiode. PD: Photodiode. P: Polarizer.

regime CPT clocks with short-term stabilities in the low 10−13

range at 1 s were demonstrated in [35]–[37]. Nevertheless,
their stability is generally degraded after 100 s by light-shifts.

Pioneerly demonstrated by Thomas et al. [38] in a sodium
atomic beam, the Raman-Ramsey clock concept [39]–[41]
reveals to be an attractive approach. In recent Raman-Ramsey
clocks, atoms interact with a sequence of optical CPT pulses
separated by a free-evolution dark time T . Each pulse is used
both for the preparation of the atoms in the dark state and
for atomic signal detection. Although the frequency of CPT
clocks is usually very sensitive to laser power variations [42],
[43], the implementation of advanced interrogation schemes
[44], such as the Symmetric Auto-Balanced Ramsey (SABR)
sequence [45], [46], has demonstrated light-shift mitigation
and conducted to fractional frequency stability of 2 × 10−13

at 1 s and, for limited-duration datasets, 2.5 × 10−15 at 104 s
[46].

In Ref. [46], the clock instability, extracted from longer ac-
quisitions, was limited to the level of 3 × 10−14 at 4 × 104 s.
In addition, no stability results at 1 day were reported, and
only a limited number of frequency shifts were shown. In
this paper, we report measurements of a significant number
of frequency shifts involved in a CPT Cs cell clock, some
of them never reported or studied before. The clock setup,
inspired by but independent of the one described in [46],
combines the optimized push-pull CPT scheme [47], [48] and
SABR interrogation [46]. Coupled with fluctuations of the
parameters, a stability budget of 3.5 × 10−14 at 1 day is
established.

II. EXPERIMENTAL SETUP

Figure 1 shows the CPT clock experimental setup. The laser
source is a distributed-feedback (DFB) diode laser tuned on

the Cs D1 line at a wavelength of 895 nm. The laser is driven
by a low-noise Libbrecht-Hall design current controller [49]
with a current of 158 mA and is temperature-stabilized at
about 25.5◦C. A 70-dB optical isolation stage is placed at
the output of the laser to prevent optical feedback. The output
laser beam is injected into a fibered Mach-Zehnder electro-
optic modulator (EOM). The latter is inserted into a thermal
isolation box, actively temperature-controlled at 40.2◦C, and
driven by a low-noise microwave frequency synthesizer [50] at
4.596 GHz. Both first-order optical sidebands, frequency-split
by 9.192 GHz, are used for the CPT interaction.

At the output of the EOM, the light is directed in different
directions. In a first path (PD1), the light is retro-reflected
into an annex glass-blown evacuated Cs vapor cell in a dual-
frequency sub-Doppler spectroscopy (DFSDS) setup [51],
[52], for stabilization of the laser carrier frequency. Both first-
order sidebands are, respectively, resonant with the F = 3 →
F ′ = 4 and F = 4 → F ′ = 4 Cs atom transitions. In a
second path (FPD), the optical carrier power is kept minimized
with a microwave synchronous detector [48]. In a third path
(not shown on Fig. 1), the laser light is directed towards a
Fabry-Perot interferometer to visualize the optical spectrum.
In the fourth path, the light is transmitted through a voltage-
controlled linear polarizer (P) and then crosses an acousto-
optic modulator (AOM). The latter, driven by a radiofrequency
(RF) signal at 122 MHz, is used for shifting the laser frequency
by −122 MHz (through extraction of the −1-order output
diffracted beam) to compensate for the buffer gas pressure
shift in the CPT cell. The AOM is also used to produce the
pulsed optical Ramsey-type sequence. By turning off the RF
power that drives the AOM, the light contained in the −1-order
is turned off. Atoms are then in the dark. By turning on the RF
power, atoms interact again with light. The total laser power
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can then be tuned and even stabilized by controlling the RF
power that drives the AOM. The photodiode PD2 is inserted
at the output of the AOM to monitor the total laser power.
The AOM is inserted into a box and is actively temperature-
stabilized.

The dual-frequency laser beam, after crossing a voltage-
controlled half-wave plate, is sent into a Michelson-like delay-
line and polarization orthogonalizer system. The latter is used
to produce the push-pull optical pumping (PPOP) scheme [47],
[48] that contributes to the detection of high-contrast CPT
resonances. The Michelson-like system consists of two arms,
each of them made of a mirror and a quarter-wave plate. A
length difference of λCs/4 ≃ 8.1 mm (with λCs the clock
transition wavelength) is adjusted between the two arms. At
the output of the Michelson cube, a voltage-actuated quarter-
wave plate is used for obtaining the two orthogonal circularly
polarized dual-frequency light fields required for PPOP.

At the output of the Michelson system, the laser beam is
expanded to a diameter of about 18 mm with a telescope.
The total laser power at the CPT cell input is noted PL. A
non-polarizing beam splitter cube is used to extract at the
CPT cell input a fraction of the optical power, detected by
the photodiode PD3. The latter, exploited for the AOM-based
laser power servo, is also used for reducing the contribution
of the laser amplitude-modulation (AM) noise onto the clock
short-term stability. For this purpose, voltage signals V4 and
V3, respectively extracted from photodiodes PD4 (output of
the CPT cell) and PD3 (input of the CPT cell), are acquired.
In clock operation, the signal V = V4 − kV3, where k is
a compensation factor that can be adjusted to mitigate the
contribution of laser relative intensity noise (RIN) to the
detection process [53], is used. This option, named here boost,
was found to improve the clock short-term stability by a factor
greater than 2 in the SABR-CPT regime.

The CPT cell is a 5-cm long and 2-cm diameter glass-blown
vapor cell filled with a N2-Ar buffer gas mixture of total pres-
sure P = 15 Torr and a mixture ratio r = PAr/PN2 = 0.56.
The CPT cell is temperature stabilized at a set point noted
Tcell = 34.5◦C in a physics package. A static magnetic field
B is applied to raise the Zeeman degeneracy. When not varied,
we use B = 40.9 mG. The ensemble is covered by a double-
layer mu-metal magnetic shield. At the CPT cell output, the
laser beam crosses a convergent lens used to focus the light
on the photodiode PD4 that carries the CPT atomic signal.
The optical setup of the CPT clock, currently mounted on an
optical table and occupying a volume of about 40 L, is covered
by a passive thermal isolation box.

The clock experiment is managed by an FPGA-based digital
electronics board [54]. The latter ensures the generation of the
Ramsey-type sequence and the acquisition of analog signals
with ADCs. It also embeds analog outputs (DACs), among
which one is used to tune the bias point of the 100 MHz
oven-controlled quartz crystal oscillator (OCXO) and correct it
according to the atomic resonator response. One direct digital
synthesis (DDS) is used for delivering the 122 MHz signal that
drives the AOM. A second DDS is used for accurate control
of the amplitude, phase, and frequency of the microwave
frequency synthesizer output. Once the OCXO is locked to the
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Fig. 2. Simplified representation of the SABR-CPT sequence. Sections
ABR1 and ABR2 consist each on four consecutive Ramsey-CPT cycles,
with two pulses separated by a short dark time TS , followed by two
pulses separated by a long dark time TL. In the section (ABR2), the
interrogation is symmetrized. Fringes are scanned in the opposite sense
to the one used in section ABR1. Error signals εS and εL are ultimately
generated. Corrections are applied at the end of each SABR sequence.
The error signal ε+ = εS + εL is used for correction of the local
oscillator (LO) frequency while the signal ε− = εS − εL is used for
compensation of the light-shift through an additional phase increment
ϕc applied to the LO in the middle of the free evolution time of every
Ramsey-CPT cycle.

atoms, its output signal at 100 MHz is compared to the signal
of a reference active hydrogen maser (HM) using a signal
source noise analyzer (Jackson Labs Phase station 53100A).
The HM exhibits a fractional frequency stability of 8 × 10−14

at 1 s, 5 × 10−15 at 102 s, 2 × 10−15 at 104 s, and then does
not limit our frequency shifts measurements.

The SABR sequence used in clock operation is comparable
to the one described in [46] and is illustrated in Fig. 2. It con-
sists of two consecutive ABR sequences (ABR1 and ABR2).
Each ABR sequence consists of 4 consecutive Ramsey-CPT
sequences with pulses of length Tb = 1 ms. In each pulse,
a detection window of length τD is opened after a delay
noted τd. The first two Ramsey-CPT patterns use a short free-
evolution dark time TS while the two following patterns use
a long dark time TL. A π/2 phase modulation is applied
to the Raman phase during dark times such that both sides
of the Ramsey fringes are successively probed. Error signals
noted εS (for pattern with dark time TS) and εL (for pattern
with dark time TL) are generated. In the ABR2 sequence, the
optical pulse sequence is the same, but the local oscillator
phase modulation pattern is of opposite sign. This symmetric
interrogation is important to cancel the atomic memory effect
discussed in [46], [55]. Indeed, in such a vapor cell clock, the
pulse repetition period is comparable or even slightly shorter
than the CPT coherence lifetime, preventing the atomic state to
be fully reset at each new cycle. In this situation, atoms keep a
partial memory of past interactions and provide a significantly
different response depending on the duration of the dark time
of the preceding sequence, resulting in a bias in the light-shift
estimation. The reduction of the atomic memory effect is then
achieved by repeating the ABR sequence twice in a symmetric
way so that two consecutive biases, of equal amplitude but
opposite signs, are created and cancel each other. Ultimately,
error signals ε+ = εS + εL and ε− = εS − εL are calculated
for improved short-term stability [46]. The error signal ε+ is
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Fig. 3. Example of error signals obtained in the Ramsey-CPT (a, b) and SABR-CPT regimes (c,d), by sweeping the microwave frequency. (a):
T = 1.8 ms (b): T = 2.8 ms. ε+ (c) and ε− (d) are obtained here for a typical SABR-CPT sequence, with TS = 1 ms and TL = 4 ms. For (a) and
(b), the total length of the pulses is Tb = 955 µs. In these pulses, the detection window is opened during τD = 50 µs after a delay time τd = 5 µs.
For (c) and (d), the total length of the pulses is Tb = 1 ms, with τD = 95 µs and τd = 5 µs.

used for stabilization of the LO frequency while ε− is used
to correct the phase increment φc, added to the π/2 Raman
phase jump, to compensate for the light-shift.

In clock operation, at Pl ∼ 1 mW, the SABR sequence aims
to compensate for a light-shift δνls ∼ 2.8 Hz. With T = 4
ms, the phase correction φc to apply to compensate for the
light-shift is then about 0.07 rad. In our setup, the 4.596 GHz
output signal that drives the EOM results from the subtraction
of a 204 MHz signal provided by a DDS from a 4.8 GHz
signal obtained by frequency multiplication of a 100 MHz
OCXO [50]. The DDS features a 14-bits DAC on its phase
output. This corresponds, at 4.596 GHz, to a phase resolution
rφ = 2π/214 ∼ 0.4 mrad (0.8 mrad at 9.192 GHz), yielding
a resolution on the light-shift correction of about 32 mHz,
i.e. 3.5 × 10−12 in fractional value. This resolution is not
good enough to satisfy our needs. Therefore, as mentioned
in [46], we apply the phase correction φc by tuning the DDS
frequency, by applying frequency steps ∆ν of length ∆t (with
∆t = 100 µs), such that φc = 2π×∆ν×∆t. The DDS features
a 48-bits DAC on its frequency output. This yields, at 4.596
GHz, a frequency resolution rν = 204 MHz/248 = 0.7 µHz
(1.4 µHz at 9.192 GHz), i.e. a phase resolution for light-shift
correction of 8.8 × 10−10 rad. Thus, by driving the DDS
frequency (instead of the DDS phase), the resolution on the
light shift correction is improved at the level of 3.8 × 10−18.

III. CLOCK SIGNAL AND SHORT-TERM STABILITY

Figure 3 plots examples of error signals, εS and εL, ex-
tracted from Ramsey sequences, obtained with TS = 1 ms (a)
or TL = 2.8 ms (b), respectively. The best short-term stability
results in the Ramsey-CPT regime were obtained with a free-
evolution time T = 2.8 ms.

The increase of T yields a narrowing of the Ramsey-
CPT fringes, but also a reduction in signal amplitude. For
TL = 2.8 ms, the central Ramsey-CPT fringe, from which
the error signal shown in Fig. 3(b) is extracted, exhibits a
linewidth of about 178 Hz. Figure 3 also reports typical final
error signals ε+ (c) and ε− (d), obtained with the SABR-CPT
sequence used in clock operation, using TS = 1 ms and TL = 4
ms.

Before doing dependence measurements, we have per-
formed preliminary short-term frequency stability tests under

Fig. 4. Measurements of clock short-term frequency stability in various
conditions. (a) SABR-CPT, with boost, with PL = 1.27 mW, TS = 1 ms
and TL = 4 ms. (b) Ramsey-CPT, with boost, with T = 2.8 ms
and PL = 1 mW. In all tests, other parameters of the sequence are
Tb = 1 ms, τD = 95 µs and τd = 5 µs.

two conditions. The corresponding results are shown in Fig. 4.
The best short-term stability performances were obtained in
the Ramsey-CPT case using the boost option, with a free-
evolution time T = 2.8 ms (b). In this case, the Allan deviation
can be even slightly lower than 1 × 10−13 at 1 s.

In the SABR-CPT case, with the boost option, with
TS = 1 ms and TL = 4 ms, the Allan deviation of the clock is
2 × 10−13 at 1 s (a). This stability is about two times worse
than the one obtained in the Ramsey-CPT case.

IV. FREQUENCY SHIFTS

In this section, we report on measurements of the depen-
dence of the clock frequency on the variations of numerous
experimental parameters. All measurements are carried out
with the clock running in the SABR-CPT interrogation mode,
with TS = 1 ms and TL = 4 ms. This dark time couple was
chosen for improved light-shift mitigation, while accepting a
reasonable degradation (factor of ∼ 2) of the clock short-term
stability, in comparison with the Ramsey-CPT case (see end
of section III).
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Fig. 5. (a) Temporal trace of the clock frequency shift δν. During clock
operation, 16 sudden jumps of the total laser power PL incident in the
CPT cell are applied, changing the light-shift of the clock transition. Each
panel shows the original data (dots) and a 50-points window moving
average (solid line). Each step lasts approximately 6 minutes. (b) Clock
frequency shift δν versus the total laser power PL, extracted from (a).
Dashed lines indicate a linear fit for PL in the 0.52 - 0.78 mW range,
and for PL in the 0.89 mW - 1.1 mW range.

Among the tested parameters, some of them yield a first-
order dependence of the clock frequency, while others induce
a second-order dependence. Extracted dependence coefficients
(Dp) can then be used, in conjunction with the measured
fluctuations ∆p of the concerned parameter, and in the case of
second-order dependences with the distance ∆ of the working
point relative to the inversion point, for estimating respective
contributions to the clock Allan deviation. All frequencies re-
ported in the following graphs correspond to the offset δν from
the unperturbed Cs atom frequency νCs = 9 192 631 770 Hz,
such that the measured clock frequency is ν0 = νCs+ δν. We
note that the main contribution to the shift δν is the collisional
pressure shift (∼ 7.5 kHz) induced by the presence of buffer
gas in the cell. The quadratic Zeeman shift of the 0-0 clock
transition, with B = 40.9 mG, is about 0.7 Hz.

A. Light shifts
Light shifts are usually recognized as an important contribu-

tion to the mid-term stability of CPT-based vapor cell atomic
clocks. Our first investigations were then focused onto the
impact of the light-field parameters, including the total laser
power, the laser frequency, and the microwave power. Figure
5(a) shows a time trace of the SABR-CPT clock frequency.
During clock operation, sudden steps of the laser power PL

incident in the CPT cell are applied to induce a frequency
shift of the clock transition frequency. For each laser power,
maintained for about 5 minutes (∼ 300 s), the average clock
frequency is extracted. At τ = 300 s, the clock Allan deviation

is 3.5 × 10−14 (see Fig. 9), ensuring the ability to detect
frequency variations of 0.32 mHz, which is low enough for
observing light-shifts at each power step. The total duration
of the measurement shown in Fig. 5(a) is about 90 minutes
(∼ 5400 s). At this averaging time, the clock fractional
frequency stability is below 2 × 10−13 (see Fig. 9), that
corresponds to a frequency measurement resolution lower than
2 mHz. Again, this resolution is high enough to measure the
clock frequency change (∼ 0.1 Hz) between the beginning and
the end of the measurement. Note that this statement applies
to all the light shifts measurements presented in this paper.
In this test, 16 values of the laser power were successively
applied.

Derived from Fig. 5(a), Fig. 5(b) reports the clock fre-
quency shift δν versus the laser power PL. In this plot, a
deviation of the power light-shift curve from a linear behavior
is observed. Non-linear light-shift trends have already been
observed in several CPT clock experiments, including cold-
atom CPT clocks [56]–[59] or vapor cell CPT clocks [46],
[60]. In our experiment, the light-shift trend also depends on
how the SABR sequence is able to resolve light-shifts and
compensate for them. Fitting data in the 0.9 - 1.1 mW range
by a linear function, we obtain a sensitivity coefficient of the
clock frequency to laser power of − 2.8 × 10−5 Hz/µW, i.e.
− 3.0 ×10−15/µW in fractional value. This coefficient is com-
parable to the one reported in [46]. For comparison, a linear
fit to the data around the power set point of 650 µW yields a
coefficient of − 1.9 × 10−4 Hz/µW, i.e. − 2.1 ×10−14/µW
in fractional value.

Derived from the same methodology, Fig. 6 reports the
evolution of the clock frequency shift δν with multiple experi-
mental parameters. Figure 6(a) shows the impact of microwave
power PµW measured at the EOM input port. In our setup,
changes of the microwave power mainly induce variations of
the total resonant power but might also cause slight changes
of the optical sideband ratio, and then off-resonant light-
shifts [58]. In normal clock operation conditions, we have
PµW ≃ 350 mW. In the 200 - 420 mW range, we observe a
roughly linear dependence from which a fractional sensitivity
coefficient of −2.3 × 10−17/µW, i.e. 7.9 × 10−14/%, is ex-
tracted. This sensitivity is close to the one reported (10−13/%)
in [46]. Also, for comparison, we have measured a sensitivity
of 1.2 × 10−12/% in the Ramsey-CPT case (with dark time
T = 2.8 ms), confirming the interest of the SABR interrogation
for reducing light-shifts.

We have then investigated the influence of the laser fre-
quency fL. For this purpose, the separation between ab-
sorption profiles detected in the annex Cs vapor cell was
used to calibrate the frequency axis and measure the voltage-
frequency tuning of the laser current driver modulation in-
put. In the region of interest, we found a linear depen-
dence of the clock frequency on laser frequency variations
of 3.7 × 10−13/MHz, a value slightly higher than the one
reported in [46] (2.4 × 10−13/MHz). During this measurement
campaign, we have evaluated the fractional frequency stability
of the DFB laser, when locked to the DFSDS setup [51].
For this purpose, a beatnote was generated between our laser
and an ultra-stable optical signal at 895 nm extracted from
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an optical frequency comb disciplined to a cavity-stabilized
laser (see performances in [61], [62]), itself referenced to
a hydrogen maser for integration times higher than 100 s.
From a beatnote measurement, the instability of our DFB laser
was measured at the level of 1.5 × 10−12, 6.5 × 10−13 and
1 × 10−11 at 1, 102 and 104 s respectively. The contribution
of the laser frequency to the clock Allan deviation is then
estimated at the level of 1.8 × 10−16, 8 × 10−17 and
1.2 × 10−15 at 1, 100 and 104 s respectively. Assuming a
τ -slope drift of the laser frequency from 104 to 105 s (worst
situation), we would then have a laser stability of 1 × 10−10

at 105 s, contributing to the clock stability at 1 day at the level
of 1.2 × 10−14.

B. Zeeman shift and buffer-gas collisional shift
Two other experimental parameters generally suspected of

limiting the long-term stability of vapor cell clocks are the
Zeeman shift and the buffer gas pressure collisional shift.
As reported in Fig. 6(b), we have measured the dependence
of the clock frequency on the static magnetic field B. We
extracted from our data a quadratic dependence of about
316 Hz/B2, i.e. 3.4 × 10−8 B−2 (with B in Gauss). This
measured value is smaller than the expected quadratic Zeeman
shift of ∼ 427 Hz/B2 for the Cs atom clock transition. This
discrepancy might be explained by the inhomogeneity of the
B-field along the 5-cm-long cell and was not observed in a 2-
cm-long cell. Fluctuations of the B-field, measured by locking
the synthesizer frequency onto the magnetic-field sensitive 1 -
1 transition, are estimated at the level of 1 µG at 1 day,
contributing to the clock Allan deviation at 2.7 × 10−15 at
1 day. We have also measured the typical fluctuations of the
current source that drives the B-field solenoid to estimate
their impact on the clock instability. Fluctuations of the B-
field current source contribute at the level of 4.6 × 10−16 on
the clock Allan deviation at 1 day. Figure 6(c) represents the
evolution of the clock frequency in SABR-CPT mode with
the temperature Tcell of the CPT cell. The latter is measured
by a thermistor placed in the copper bed that supports the
cell. With the use of a N2-Ar buffer gas mixture, a quadratic
dependence is observed, culminating at the inversion point
Tinv ≃ 34.6◦C. This inversion point is in good agreement
with the one predicted using collisional coefficients reported
in [63]. Around this point, the dependence coefficient is in
absolute value 3.6 × 10−12 K−2, in fractional value.

C. EOM and AOM temperatures
We have also measured the impact of temperature variations

of some key components along the optical setup on the
clock frequency. Figure 6(d) shows the evolution of the clock
frequency with the EOM temperature TEOM. A change of
sign of the EOM temperature to clock frequency dependence
is observed around 41◦C, yielding in the 39 - 43◦C range a
dependence coefficient Dp of 1.9 × 10−13 K−2. We checked
that the clock frequency variations in this test could not be
explained by EOM temperature-induced laser power variations
(power stabilization active). We have performed the same exer-
cise with the AOM temperature TAOM. The result is shown in

Fig. 6(e). The experimental data are well fitted by a sinusoidal
dependence, highlighting the existence of specific inversion
points at about 41 and 48.2◦C around which the sensitivity of
the clock frequency is canceled at the first order. We checked
that this clock frequency dependence could not be explained
by laser power variations induced by the AOM temperature
change (power stabilization active). In our setup, a linear
polarizer is placed at the AOM input to ensure fixed linearly
polarized light, aligned with the AOM crystal axis. The latter
is made of tellurium dioxide (TeO2), known to be a highly
temperature-sensitive birefringent material. With temperature
variations of the AOM, orthogonal components of the linearly
polarized light of the ordinary and extraordinary axes of the
crystal are subject to rotate at the output of the AOM [64].
We found that this temperature-induced polarization change
induces the sinusoidal profile observed in Fig. 6(e). We chose
to operate the AOM at 41◦C. Around this point, the measured
dependence coefficient is in fractional value 1.7× 10−12/K2.

D. EOM bias voltage
Figure 6(f) reports the evolution of the clock frequency with

a change in the EOM bias voltage Vbias, when the active carrier
suppression scheme is not active. In this case, changing the
EOM bias voltage induces a change of the optical spectrum at
the output of the EOM. We first did this test in the Ramsey-
CPT regime, giving the result shown by the gray data in
Fig. 6(f). Interestingly, a nice quadratic dependence, centered
here on the turnover bias point of about − 6.75 V, is obtained.
This turnover point occurs close to the EOM bias voltage
point for which the optical carrier reduction is maximized.
Away from this point, the power contained in the carrier
increases again and the contribution of off-resonant light-shifts
is changed. We did a similar study in the SABR-CPT mode. In
this case, we observe a drastic reduction in the clock frequency
dependence to variations of the EOM bias voltage. In the
SABR-CPT mode, the fitting of experimental data points by a
linear function, close to the turnover point, yields in fractional
value a dependence coefficient of 1.2 × 10−12/V.

E. Michelson system
A non-correct adjustment of the length difference d between

the two arms of the Michelson system shifts the system
away from the required π phase difference between the two
dual-frequency circularly-polarized light fields. This phase
mismatch can deteriorate the amplitude of the 0-0 clock
transition and then the short-term stability of the clock. Due
to the induced change in the atom-light interaction strength,
it also causes a variation of the light shift experienced by the
atoms in the vapor.

Using a voltage-controlled translation stage holding the
mirror in one of the Michelson arm, we extracted, close to
the clock operation point, a sensitivity of the clock frequency
to length variations of the Michelson system at the level of
8.3 × 10−15/µm.

We have then measured the typical length fluctuations of
the Michelson system ensemble. For this purpose, we have
used the Michelson system as an optical interferometer by
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SABR-CPT

Ramsey-CPT

427 Hz/G²

316 Hz/G²

Fig. 6. Clock frequency shift δν as a function of the microwave power (a), the magnetic field (b), the CPT cell temperature (c), the EOM temperature
(d), the AOM temperature (e) and the EOM bias voltage (f). Dashed lines on data of (a) and (f) (SABR-CPT case) are linear fits. Dashed lines on
data of (b), (c), and (f) (Ramsey-CPT) are second-order polynomial fits. Dashed lines on data of (d) and (e) are sinusoidal fits. In subplot (f), dashed
lines are quadratic (Ramsey-CPT) and linear (SABR-CPT) fits to the data.
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Fig. 7. Clock frequency shift δν as a function of the angular position
of the half-wave plate placed before the Michelson cube. During clock
operation, 20 steps are applied with a piezo motor.The zero-point
corresponds to a position where the CPT clock signal is optimized.
Each step lasts 3 minutes. Experimental parameters are TS = 1 ms,
TL = 4 ms, PL = 645 µW. Error bars in the angle are represented by
horizontal lines. In this test, the half-wave plate is mounted on a rotating
support driven by a voltage-controlled piezoelectric motor. Each time the
voltage is incremented, the rotation angle, as well as its uncertainty, are
increased.

adding to its output a polarizer tilted at 45◦ from the beam
orthogonal polarization axes. In this test, the microwave signal
was turned off so that a single-frequency optical field was
used. After proper calibration of the interferometer transfer
function, voltage fluctuations at the output of the polarizer
can then be converted into length fluctuations. Along a 7-days
measurement, the maximum length fluctuation was measured
to be lower than 22 nm, corresponding to a variation of 39 µrad
of the phase difference. The contribution of this effect on the
clock Allan deviation is therefore estimated at the level of
3 × 10−18 at 100 s and 1.8 × 10−16 at 105 s.

F. Translation and rotation of wave plates

We have later evaluated, in our table-top experimental setup,
the impact of the rotation of polarizing plates. Figure 7 shows
the clock frequency shift δν versus the angular position θλ/2
of the half-wave plate (HWP) before the Michelson system.

In this test, we noted as the starting angle of 0◦ the
position of the HWP for which the signal and short-term
stability were optimized, expected to be close to the condition
where the components σ+ and σ− of the PPOP scheme are
well balanced. Deviating from this reference angle implies
perturbing the optical power distribution equilibrium between
the two arms of the Michelson system.

In our test, an inversion point about 7◦ away from the
initial position (0◦ starting angle) is visible. The reason for
the existence of this turning point, as well as its position, is
not clearly explained to date. We suggest that the evolution
of the clock frequency with rotation of the half-wave plate
might result from frequency shifts of different kinds, mainly
light-shifts and Rabi pulling-like effect.

Unbalanced intensities of σ+ and σ− polarized light fields
could lead to an optimized polarization scheme that maximizes
the atom-field interaction, and thus light shift. In addition,
the Zeeman spectrum becomes asymmetric. Through optical
pumping, populations are mainly transferred to the extreme
Zeeman sub-levels. Transitions neighboring to the 0-0 clock
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Fig. 8. (a) Scheme implemented to study the influence of temperature
variations of passive optical components temperature (half-wave plate
before, and PBS inside the Michelson system) on the optical power
distribution. Both components are equipped with a heating resistor and
temperature sensors. (b) Forced oscillations of the PBS temperature
TPBS , measured with a sensor placed on the cube post, observed dur-
ing 10 minutes. (c) Variations of the optical power distribution between
the two arms of the Michelson Rx and Ry , for PDx and PDy signals,
induced by variations of TPBS depicted in (b).(d) Long-term variations
of TPBS , measured by a sensor placed on the top surface of the cube.
The temperature evolution was measured after having closed the box
that surrounds the optics setup, explaining the time (∼ 1 day) to reach
more stable conditions. (e) Long-term variations of Rx and Ry , induced
by variations of TPBS shown in (d). (d) and (e) are the result of a 500-
points window-moving average.

transition can then add to the 0-0-resonance signal and distort
the 0-0 resonance. This phenomenon is analog to the well-
known Rabi pulling effect. The amplitude of this shift depends
then on the applied Zeeman splitting and on the relative
amplitude and width between the 0-0 Zeeman resonance and
the neighboring ones. These effects could lead to the existence
of a turning point with respect to the half-wave plate angle,
due to light shift effects, that might be shifted away from
the angle of balanced circularly polarized light, caused by the
additional Rabi-pulling-like effect.

Using a linear fit near the initial starting point (0◦), away
from the inversion point, we obtain a dependence coefficient
of the clock frequency to the angular position of the half-
wave plate θλ/2 of 3.2 ×10−12/◦, in fractional value. We
conducted similar studies for the polarizer placed before the
AOM and the quarter-wave plate placed at the output of
the Michelson system, extracting the respective coefficients
θP = −2.1 ×10−13/◦ and θλ/4 = 1.8 ×10−13/◦.

G. Temperature of passive optical components
Other sensitivities we had never investigated are linked to

temperature variations of some passive optical components.
Here, we paid attention to the PBS and the half-wave plate of



AUTHOR et al.: PREPARATION OF PAPERS FOR IEEE TRANSACTIONS ON ULTRASONICS, FERROLECTRICS, AND FREQUENCY CONTROL 9

TABLE I
DEPENDENCE COEFFICIENT Dp OF THE CLOCK FREQUENCY (IN FRACTIONAL VALUE) TO EXPERIMENTAL PARAMETERS, FLUCTUATIONS ∆p OF THE

PARAMETER AT 1 DAY, AND CONTRIBUTION σp OF FLUCTUATIONS OF THOSE PARAMETERS TO THE CLOCK STABILITY AT 1 DAY. FOR PARAMETERS

WITH A FIRST-ORDER DEPENDENCE COEFFICIENT, σp = Dp × ∆p. FOR PARAMETERS WITH A SECOND-ORDER DEPENDENCE COEFFICIENT, WE

HAVE σp = 2 × Dp × ∆ × ∆p, WITH ∆ THE DISTANCE OF THE WORKING POINT WITH RESPECT TO THE INVERSION POINT. ∆ VALUES OF

0.04 G, 0.1 K, 0.05 K AND 0.015 K WERE USED FOR B, TAOM , TEOM AND Tcell , RESPECTIVELY. FLUCTUATIONS OF THE LASER POWER AND

OF THE B-FIELD INDICATED IN THE SECOND COLUMN ARE MEASURED "IN-LOOP". THESE CONTRIBUTIONS MIGHT THEN BE UNDER-ESTIMATED.

Parameter Symbol Dependence Dp ∆p (1 day) σp (1 day)
PBS temperature TPBS 7.9 × 10−13 /K 4.1 × 10−2 K 3.2 × 10−14

Laser frequency fL 3.7 × 10−13 /MHz 3.3 × 10−2 MHz 1.2 × 10−14

λ/2 temperature Tλ/2 1.7 × 10−13 /K 4.1 × 10−2 K 7.0 × 10−15

Microwave power PµW −2.3 × 10−17 /µW 170 µW 3.9 × 10−15

Magnetic field B 3.4 × 10−8 /G2 1.0 µG 2.7 × 10−15

AOM temperature TAOM 1.7 × 10−12 /K2 1.5 × 10−3 K 5.1 × 10−16

B-field current IB 5.8 × 10−13 /mA2 2.4 × 10−5 mA 2.8 × 10−16

Michelson length d −8.3 × 10−15 /µm 2.2 × 10−2 µm 1.8 × 10−16

CPT cell temperature Tcell −3.6 × 10−12 /K2 1.5 × 10−3 K 1.6 × 10−16

λ/2 angle θλ/2 3.2 × 10−12 /◦ 4.3 × 10−5 ◦ 1.4 × 10−16

Polarizer angle θP −2.1 × 10−13 /◦ 4.3 × 10−5 ◦ 9.0 × 10−18

λ/4 angle θλ/4 1.8 × 10−13 /◦ 4.3 × 10−5 ◦ 7.7 × 10−18

Laser power PL − 3.0 × 10−15 /µW 2.4 × 10−3 µW 7.2 × 10−18

EOM temperature TEOM 1.9 × 10−13 /K2 9.6 × 10−5 K 1.8 × 10−18

Total
√∑

σ2
p 3.5 × 10−14

the Michelson system. Indeed, a temperature change of these
components has a direct impact on the distribution of optical
power between the two arms of the Michelson system and
then on the symmetry of the Zeeman spectrum.

The sensitivity ST of the clock frequency ν0 to the temper-
ature T of passive optical components is defined as:

ST =
dν0
dT

=
dν0
dθ

dθ

dT
(1)

Here, dν0

dθ represents the sensitivity of the clock frequency to
the rotation of the half-wave plate, measured in Section IV-F
to be in fractional value 3.2×10−12/◦, or 1.8×10−10/rad. dθ

dT
indicates the sensitivity of the angle of the major polarization
axis with respect to the component temperature. To measure
dθ
dT , we placed a PBS (PBS2) at the output of the Michel-
son system, as shown in Fig. 8(a), to separate orthogonal
components of the light field. These components are detected
by photodiodes PDx and PDy , recording intensities Ix =
I0 cos

2(θ) and Iy = I0 sin
2(θ), where I0 = Ix + Iy is the

total power at the output of the device.
A resistive heater was used to induce temperature oscil-

lations in the PBS, with a period of approximately 195 s
and a peak-to-peak amplitude of 0.17 K, as depicted in
Fig. 8(b). This temperature fluctuation resulted in variations in
the fractional optical power in each arm by 0.075%, illustrated
by the signals Rx = Ix

I0
and Ry =

Iy
I0

, shown in Fig. 8(c).
Angle fluctuations can be derived by considering the slope of
Ry(θ) = sin2(θ) around θ = π/4, which is the working point
that equally splits the power between the two arms, given by
2 sin(θ) cos(θ)|θ=π

4
= 1 rad−1. In this specific case, 0.075%

corresponds to 7.5 mrad, yielding dθ
dT = 4.4mrad/K and thus

a PBS thermal sensitivity ST of 7.9× 10−13/K.
Following the same methodology for the half-wave plate, a

sensitivity of 1.7×10−13/K is obtained. These values highlight
a relevant sensitivity of the clock frequency to temperature

variations of these passive optical components, especially for
the cube. Individual stabilization of their temperature could
then be needed to achieve improved clock long-term stabil-
ity. For additional information, Figures 8(d) show long-term
variations of the cube temperature and 8(e) those of Rx and
Ry .

H. Resume

Table I summarizes the measured dependence coefficients,
noted Dp, of the clock frequency (in fractional value) on
the experimental parameters, the typical fluctuations ∆p at
1 day of these parameters (around their set-point), and the
contribution of these parameters to the clock stability at 1 day.
In this table, the laser frequency instability at 1 day was
extrapolated from a measurement limited at 104 s integration
time, assuming a τ -slope drift of the laser frequency from 104

and 105 s. Thus, the laser frequency contribution is considered
as an upper bound. In this list, major contributions to the clock
instability at 1 day are temperature variations of the Michelson
PBS, the laser frequency, the microwave power, temperature
variations of the half-wave plate at the PPOP Michelson
input and the static magnetic field. All other contributions
are calculated to be below the 10−15 level and should not
limit performance to date. In Table I, the quadratic sum of all
contributions leads to an estimated clock instability budget of
3.5 × 10−14 at 1 day. We note that this stability budget at
1 day is close to the measured clock stability (original data,
without drift removal) of high-performance Rb POP clocks
[34], [65].

V. DISCUSSIONS AND ADDITIONAL INVESTIGATIONS

To date, the actual measured clock stability, shown in
Fig. 9, extracted from raw data, is 9 × 10−14 at 1 day. This
stability is higher than any contribution reported in Table I,
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Fig. 9. Measured Allan deviation of the clock frequency. Original data
are used. No drift removal was undertaken.

but also higher, by a factor of ∼ 2.6, than the total budget
(3.5 × 10−14) reported in Table I. In addition, unexplained
degradation of clock stability is currently observed for inte-
gration times higher than 100 s. This analysis might indicate
that the main limitation to the clock stability at 1 day has not
yet been identified.

Additional investigations we conducted include a calcula-
tion of the impact of the barometric effect [65]. Using our
cell dimensions and contents, the sensitivity of the clock
frequency to atmospheric pressure is estimated at the level
of 2.3 × 10−14/hPa. Typical fluctuations of the atmospheric
pressure in the laboratory were measured in the 2 - 5 Pa range
at 100 s and 1 - 7.5 hPa at 1 day. This effect would then limit
the stability of the clock at a level lower than 1.2 × 10−15

at 100 s, and then can not explain the stability degradation
at 100 s. At the opposite, at 1 day, this effect might explain
stability up to the level of 1.7 × 10−13. This effect should
then be considered with much caution for long-term stability
of the clock.

Interestingly, by monitoring the laser beam profile over time
before the AOM during standard clock operation, we observed
a possible correlation between the clock frequency, horizontal
position of the beam and the diameter of the beam. This is
illustrated in Fig. 10. Specifically, the position seems related
to the trend of the frequency (medium-long term), while the
diameter might be responsible of the ”fast” fluctuations and
then of the bump appearing on the clock Allan deviation shown
in Fig. 9. We suspect then that the clock frequency could be
perturbed by residual light-shifts induced by inhomogeneous
laser intensity distribution in the CPT vapor cell [66]. In the
future, we plan to actually measure the sensitivity of the clock
frequency to variations of the beam diameter or position.
If confirmed that this effect is critical, stabilizing the laser
intensity (not only the laser power) incident in the CPT cell
to see how it impacts the clock stability might be a first option.

Some other aspects remain to be studied. For example, the
contribution of the CPT cell temperature is currently estimated
through the measurement of a single sensor placed at a specific

Fig. 10. Evolution of the clock frequency, the beam horizontal position
and the beam horizontal diameter versus time. A moving average with a
100-pts window is applied to the datasets.

point close to the cell. In the future, we plan to distribute
several sensors in the CPT package to check the impact of
any possible temperature gradient along the cell. Enhanced
temperature sensitivity (ETS) was observed in a POP Rb clock
in [67]. In this study, temperature inhomogeneities between
cell active volume and cell stem induced, through the buffer
gas pressure coefficient, a relevant increase (factor of about
25) of the temperature sensitivity of the clock frequency. In
Ref. [67], the ETS phenomenon was ”favored” due to the use
of a cell with very long stems, relative to the dimensions of
the main volume of the cell, resulting in vb = Vb/V = 0.08,
with Vb the volume of the stem and V the total volume of the
cell (stem + active volume). In our experiment, we estimate
vb ≃ 0.001, a value 80 times smaller than in [67]. The ETS
effect should be therefore much smaller in our cell.

We also know that atoms experience a slight magnetic field
gradient, of about 7 mG, along the cell length due to the
insufficient length of the solenoid used to apply the magnetic
field. This effect contributes to the shift and broadening of the
overall 0-0 resonance by about 0.4 Hz, a value which remains
small compared to the linewidth of the Ramsey-CPT fringe.

VI. CONCLUSIONS

We have measured the dependence of the frequency of
a CPT-based Cs cell atomic clock on numerous experimen-
tal parameters. The CPT clock, which combines the push-
pull optical pumping (PPOP) scheme and symmetric Auto-
Balanced Ramsey (SABR) interrogation, exhibits a short-term
fractional frequency stability of 2 × 10−13 at 1 s in the
SABR mode, improved at 1 × 10−13 at 1 s in the Ramsey-
CPT case (with T = 2.8 ms). We showed in this study that
the SABR technique yields low-sensitivity coefficients of the
clock frequency to the light-field parameters, including the
laser power, the microwave power, and the laser frequency.
It was also shown that SABR, compared with Ramsey-CPT,
reduces the impact on the clock frequency of variations of
the EOM bias voltage. We reported the dependence of the
clock frequency on temperature variations of the EOM, the
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AOM, and some passive optical components. These studies
have highlighted how such temperature variations, which can
affect the light-field polarization state, induce subsequent shifts
of the clock frequency. The impact of mirror translation on the
Michelson system has also been evaluated. To date, among the
measured effects, main contributions to the clock stability at
1 day are temperature variations of the cube of the Michelson
system, the laser frequency, the microwave power and the
static magnetic field. Other contributions are estimated at a
level lower than 10−15 at 1 day integration time.

The clock stability budget at 1 day is to date a factor of 2.6
higher than the measured clock stability. Also, unexplained
degradation of the clock stability is observed after about
100 s. The evaluation of additional contributions, including the
barometric effect [65] or the enhanced temperature sensitivity
(ETS) effect [67], was discussed. The observation of a correla-
tion between the clock frequency and the geometric properties
(position and diameter) of the laser beam was also reported. In
future studies, we plan to investigate the impact on the clock
frequency of variations of the interrogating laser beam profile.
Temperature and magnetic field gradients experienced by the
atoms in the CPT cell will also be evaluated.
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