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We report on the operation of a coherent population trapping (CPT) microcell atomic clock using a pulsed Ramsey-like
interrogation. The Ramsey-CPT sequence, defined by two-step optical pulses separated by a free-evolution dark time,
is produced by switching on and off the output power of a low-power vertical-cavity surface-emitting laser (VCSEL),
through direct modulation of its driving current. High-contrast and narrow Ramsey-CPT fringes are detected without
the use of any external optical modulator stage. We demonstrate closed-loop operation of the clock based on high
speed digital signal processing implemented in a FPGA board. The clock short-term fractional frequency stability is
1.3 x 1071 £=1/2 yntil 2000 s. A power light-shift coefficient of 8 x 10~'1/uW, in relative value, is obtained for a dark
time of 150 us. This value is about 10 times lower than in the continuous regime. These results show the feasibility of
fully-integrated atomic clocks based on Ramsey spectroscopy, that could provide enhanced long-term stability.

Miniaturized microwave atomic clocks based on coherent
population trapping (CPT) have met with remarkable success
by offering fractional frequency stability in the low 107!
range at 1 day integration time in a low size-weight and power
(SWaP) budget!. These clocks, that rely on the interaction of
a hot alkali vapor confined in a microfabricated cell>> with
an optically-carried microwave interrogation field obtained by
direct current modulation of a vertical-cavity surface-emitting
laser (VCSEL)®, offer instabilities at 1 day 100 times smaller
than their quartz-crystal oscillators counterparts, while pro-
viding much shorter warm-up times. These unrivaled features
have motivated the deployment of chip-scale atomic clocks
(CSACGs) in underwater sensing, precise navigation and tim-
ing (PNT) systems or secure communications.

A key performance criteria of a CSAC is its long-term
stability. The latter can be degraded by several mecha-
nisms, among which light-shifts are recognized as a major
contributor’. In most CSACs, atoms interact continuously
with the probing light field. In this continuous-wave (CW)
interrogation regime, numerous methods have been proposed
for light-shift mitigation. These methods usually rely on the
active stabilization of a finely-tuned microwave power that
cancels, at the first order, the dependence of the clock fre-
quency to laser power’ !!, compensation of the laser fre-
quency aging using smart algorithms that control the VCSEL
dc current-temperature couple'?, or the adjustment of the cell
temperature to a specific setpoint!3. Interrogation sequences
that rely on the extraction of atomic information from two suc-
cessive light-shifted clock frequencies, obtained at two differ-
ent laser-power values!4, were also demonstrated on microcell
CPT clocks'>.

An alternative approach for light-shift mitigation in CPT
clocks is to use Ramsey spectroscopy. In this case, atoms in-
teract with a sequence of optical CPT pulses separated by a
free-evolution dark time 7. Widely used in high-performance
vapor cell'® and cold atom clocks'”!8, Ramsey-CPT spec-
troscopy has been studied in microfabricated cells'*2°. More
sophisticated sequences, such as symmetric auto-balanced
Ramsey (SABR) spectroscopy?!-??, have also been adapted

in microcell CPT clocks for further reduction of light-shift
coefficients?®. Using a Cs-Ne microcell built with alumi-
nosilicate glass (ASG) windows, a pulsed SABR-CPT clock
with a frequency stability of 1.4 x 107!2 at 1 day was
demonstrated®*.

In the above-mentioned experiments, the pulsed Ramsey-
CPT sequence was produced thanks to an external acousto-
optic modulator (AOM). Yet, the AOM component is far too
bulky and power consuming to be used in a CSAC. Two main
approaches, using direct modulation of the VCSEL current,
have been proposed to address this issue. The first one con-
sists on switching on and off the microwave power that modu-
lates the VCSEL current®. A drawback of this method is the
persistence of residual carrier light during the free-evolution
time 7', which might create excess light-shifts. The second
option is to directly modulate the VCSEL bias current in or-
der to switch on and off the laser output power. In this case, no
light perturbs the atomic transitions during the free-evolution
time. However, the sudden change in bias current induces a
change in the junction temperature of the VCSEL, that results
in a gradual evolution of its wavelength. The time needed to
reach a new thermal equilibrium at the atom wavelength, and
measure a useful atomic signal, is then too long.

Employing a sequence made of two-step pulses, the first
step being shorter and more intense, was shown to effectively
reduce the duration required to achieve the wavelength desired
for observation®®. During the initial step, the VCSEL junction
quickly heats up. A delay of 10-20 us is then enough to reach
the optical resonance wavelength, for a brief duration. The
second lower current step allows the VCSEL junction to cool
down and reach thermal equilibrium, such that the absorption
line wavelength is crossed once more, and a steady CPT state
is obtained. Several light-shift studies have been reported with
this technique®®2°. However, all of these studies were per-
formed in cm-scale cells, in which long CPT coherence life-
times of a few ms can be achieved. Also, no clock frequency
Allan deviation was reported.

The two-step pulse Ramsey-CPT sequence explored in
Refs?®2° has never been demonstrated in a microfabricated
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FIG. 1: (a) Experimental setup. CL: collimation lens. PD: photodiode. DAC: digital-to-analog converter. ADC: analog-to-

digital converter. LUT: Look-Up table. LO: local oscillator. PI: proportional-integral controller. The inset shows a photograph

of the microfabricated cell. (b) Ramsey sequence with two-step pulses separated by a free-evolution dark time 7. Timing (71,
T, Tp, Tg) and current (I; and I») parameters are discussed in the text.

cell, similar to those used in CSACs. In a mm-scale cell, the
reduced CPT coherence lifetime imposes shorter timescales
on the light pulse sequence. Also, the use of higher buffer
gas pressures and alkali densities increase the mixing between
excited states. The implementation of high-speed and agile
digital electronics is therefore of particular importance in a
microcell experiment for acquiring, averaging and processing
the atomic signal within a time frame of a few microseconds.

In this paper, we demonstrate, using a two-step pulse
sequence?®, the operation of a Ramsey-CPT microcell atomic
clock with driving current-based power modulation of a VC-
SEL. No external optical modulation stage is used. We re-
port the detection of high-contrast and narrow Ramsey-CPT
fringes in a Cs-Ne micromachined cell and study the im-
pact of the dark time 7 on the central fringe’s amplitude
and linewidth. A clock short-term frequency stability of
1.3% 107197~ 1/2 until 2000 s is obtained. For 7' = 150 us, the
clock frequency dependence to laser power variations is mea-
sured to be about 10 times smaller than the one obtained in
the CW regime. These results confirm the interest of this ap-
proach for the development of pulsed microcell CSACs, with
low light-shift sensitivity and improved long-term stability.

Figure 1(a) shows the CPT clock architecture. This setup
was specifically built for this work. We use a VCSEL tuned
on the Cs D; line at 895 nm3°. In continuous operation, the
laser frequency is tuned onto the Cs line for a temperature
of 77°C and a dc current of 2 mA. The VCSEL is modu-
lated through a bias tee by a 4.596 GHz signal, provided by
a commercial microwave synthesizer, used as the local oscil-
lator (LO). The latter is referenced to a hydrogen maser for
frequency shift and stability measurements. In closed loop op-
eration, we refer to the synthesizer output value as the clock
frequency. The output laser beam is collimated with a lens
and circularly polarized with a quarter-wave plate. A neutral
density filter (NDF) allows for changing the laser power P, at
the cell input, measured through a 50-50 beam splitter (not
shown on Fig. 1). The 2 mm diameter beam illuminates a
Cs vapor microfabricated cell’!*? filled with about 63 Torr of
Ne buffer gas. The atom-light interaction takes place in a 2
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FIG. 2: Evolution of the transmission signal (orange) in re-
sponse to the two-step pulse sequence (blue). The Raman de-
tuning is null. The pink zone in the inset shows the 1 ps-long
detection window. The 150 us-long second pulse is stopped
when the transmission signal reaches a steady-state value.

mm diameter and 1.4 mm long chamber. The cell is heated to
82°C in a physics package covered by a single-layer mu-metal
shield. A static magnetic field of about 250 mG is applied to
raise the Zeeman degeneracy. The light transmitted through
the cell is detected by a photodiode (Thorlabs PDA36A2).
The output signal of the photodiode is employed in two servo
loops. The first one stabilizes the laser frequency onto the
bottom of the absorption line of interest using synchronous
modulation-demodulation of the laser current with a lock-in
amplifier. The second loop is used for stabilization of the LO
frequency. In this loop, the photodiode output is sent to an
analog circuit, that offsets and amplifies the signal, in order
to benefit from the full dynamic range of the analog to digital
converter (ADC) used to digitize the atomic signal.

Figure 1(b) shows the Ramsey-like sequence. It is com-
posed of two-step pulses separated by a dark time 72928, In
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FIG. 3: Ramsey-CPT fringes detected in a Cs-Ne cell using

the two-step pulse Ramsey-CPT sequence, for three different

values of the dark time 7" (150, 188 and 250 us). Other param-

eters of the sequence are: 7; =20 us, 7 = 150 us, 7; = 18 us,

Tp = 1 us. The laser power P, is 180 uW. For each spectrum,
a dc background level was subtracted from the data.

the first stage of the pulse, the laser dc current is briefly tuned,
for a length 7y, at the high value I; such that the VCSEL ther-
mal transient is accelerated and the desired optical frequency
(F' = 4 state) is crossed after 10 to 20 us. In the second stage,
of length 7, the laser dc current is kept at the value I so
that the diode’s junction cools down and the laser frequency
is resonant with the desired line for a relatively long duration.
The experiment is managed by a Red Pitaya STEMIab 125-14
board. This board is based on the Xilinx Zynq 7010 SoC ar-
chitecture. The Zynq system combines a field programmable
gate array (FPGA) with an ARM processor running a Linux-
based operating system. The board includes two analog in-
puts (14-bit ADC) and two analog outputs (14-bit DAC) di-
rectly connected to the FPGA and clocked at 125 MHz33. The
FPGA implements the real time programmable logic (PL) re-
quired for the Ramsey sequence generation and atomic signal
processing, as well as the real time feedback in closed loop
operation of the clock. The Linux processing system (PS)
handles the configuration parameters for the PL, the data stor-
age and the communication with the graphical user interface
(GUI), implemented in a personal computer (PC). The two
analog outputs of the Red Pitaya respectively control the VC-
SEL diode current modulation and the frequency modulation
of the 4.596 GHz signal. The first analog input is used to
measure the cell transmission signal. Due to the nature of
the direct modulation scheme, a careful synchronization of
the observation window and the current pulses is critical. The
detection window length 7p and delay time 7;, as shown on
Fig. 1(b), are manually fine tuned in the PC GUI and managed
by the PL in the Red Pitaya board by means of a Look-Up Ta-
ble (LUT).

The LO frequency servo loop is fully managed by the PL
system. In closed-loop operation, square wave modulation of
the LO frequency is performed to scan both sides of the cen-
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FIG. 4: FWHM, signal and signal/FWHM of the central
Ramsey-CPT fringe versus the dark time 7. On (b), the
dashed line is an exponential decay fit function to the data.

tral Ramsey fringe. An error signal, obtained by subtracting
the data of two successive Ramsey cycles, is then integrated
to generate a correction offset value which, added to the fre-
quency modulation pattern, is sent by the DAC?2 of the digital
board to the frequency modulation input of the synthesizer.
Figure 2 illustrates the transmission signal, detected at the
photodiode output, in response to a typical two-step sequence.
The detection window, highlighted in the inset, and fixed here
to a length 7p =1 us to limit the range covered by the laser
frequency, is opened after a delay 7; = 18 us within the first
step (11 = 20 us). It is followed by the second step used for
CPT pumping (72 = 150 us) at the end of which atoms are
resonant with the first-order sidebands, in steady-state. This
stage is followed by the dark time 7', set here at 150 us.
Figure 3 shows Ramsey-CPT fringes detected in the Cs-Ne
microcell using the two-step pulse Ramsey-CPT sequence, for
three values of the dark time 7. The total laser power P at the
cell input is about 180 uW. We observe that lower T' values
yield an increased absolute value of the light-shift?%34.
Figures 4(a,b,c) respectively show the linewidth (FWHM),
the signal, and the signal/FWHM of the central fringe ver-
sus 7. On Fig. 4(a), we observe that the FWHM of the central
fringe is narrower than the expected Ramsey 1/(27) linewidth,
for T values lower than 300 pts. This phenomenon was al-
ready observed in Ref.?’ and is explained in'®. Figure 4(b)
shows that the amplitude of the fringe is reduced with in-
creased T due to relaxation of the atoms. By fitting the fringe
signal-versus-T dependence by an exponential decay func-
tion, we extract a CPT coherence lifetime 75 of 252 + 3 us.
On Fig. 4(c), we note that the signal/FWHM ratio, a key fig-
ure of merit for the clock short-term stability, is maximized at
a value of about 3.5 mV/kHz in the 150 - 250 us range.
We have performed a clock stability measurement, lasting
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FIG. 5: Allan deviation of the clock frequency in Ramsey-

CPT regime, with T = 150 us. Colored zones corre-

spond to error bars. The dashed orange line shows the

1.3 x 107'0771/2 glope. Inset: Temporal trace of relative
clock frequency fluctuations.

over 10 hours, with parameters 7 = 150 us, 71 = 20 us,
T, = 150 us and a laser power P, = 180 uW. The results are
shown in Fig. 5. The clock short-term fractional frequency
stability is 1.3 x 10710 771/2 up to 2000 s. The stability at 1 s
is reasonably preserved (a factor of two worse), in comparison
with the one obtained by the Ramsey-CPT microcell clock de-
scribed in Ref.?%, with T = 150 us, using an external AOM
for the sequence generation, and is twice better than the one
(3% 10719) of the commercial CSAC-SA65. For 7> 2000s,
we observe a degradation of the clock stability. The latter
could be attributed to residual light-shifts induced by temper-
ature variations of the setup®*, experienced by the atoms dur-
ing the optical pulses of the Ramsey-CPT sequence®’, or aris-
ing from the fact that the detection time could evolve a little
and then be performed at slightly different laser wavelengths
along the repetitive sequence cycles?®. At 1 day, the clock
stability might be also limited by Ne gas permeation through
the borosilicate glass windows of the cell. In previous studies,
this effect was found to limit the stability of Cs-Ne microcell
clocks at a level of a few 10711 at 103 s243637 The stability
obtained in this work should be of the same order at 1 day.
An expected advantage of Ramsey spectroscopy, in com-
parison with the CW-regime, is to mitigate the sensitivity of
the clock frequency to variations of the light-field parame-
ters, among which the laser power is an important contrib-
utor. Through routine measurements of the clock frequency
and by applying laser power changes using the NDF placed at
the cell input, we extracted two light-shift curves, reported in
Fig. 6, obtained in the CW-regime and Ramsey (T = 150 us)
cases. These tests were done with identical physical experi-
mental conditions and the same LO modulation frequency. In
both regimes, a non-linear light-shift trend is obtained, with
reduction of the light-shift sensitivity at higher laser power
values. In the Ramsey case, we obtain a sensitivity of about
0.7 Hz/uW, ie. 232 Hz/(mW/cmz), around the set-point
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FIG. 6: Clock frequency shift, relative to the unperturbed Cs

atom frequency (indicated on the top), versus the laser power,

using the two-step pulse Ramsey-CPT interrogation sequence

(T = 150 us), in comparison to the CW-regime. Dashed lines
are local linear fits to the data.

of 70 uW. In the CW case, the coefficient measured in the
20 - 40 uW power range, where the short-term stability is
optimized®, is 8 Hz/uW, (251.2 Hz/(mW/cm?)), i.e. more
than ten times higher than for the Ramsey case.

In conclusion, we have demonstrated operation of a mi-
crowave microcell atomic clock in the pulsed Ramsey-CPT
regime by directly driving, with a sequence made of two-
step pulses separated by a free-evolution dark time, the cur-
rent of a VCSEL. This experiment, managed by a FPGA-
based digital board and without any external optical modula-
tor, yielded the detection of narrow and high-contrast Ramsey-
CPT fringes. A microcell CPT atomic clock with an instabil-
ity of 1.3 x 10719/,/7 up to 2000 s was demonstrated, with
a dark time T = 150 us. The power light-shift coefficient,
measured with 7 = 150 us, was found to be about 10 times
lower than the one measured in the CW regime. In the future,
we plan to explore, with direct driving current modulation of
the VCSEL, the application of the SABR sequence®>?? for
further light-shift mitigation, in combination with the use of
a micromachined cell built with alumino-silicate glass (ASG)
for mitigation of Ne permeation>*37. These efforts might pave
the way to the demonstration of fully-integrated Ramsey-CPT
microcell clocks with enhanced long-term stability.
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