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A Distributed-Feedback Diode Laser Frequency
Stabilized on Doppler-Free Cs D; Line

Xiaochi Liu and Rodolphe Boudot

Abstract—This paper describes a distributed-feedback laser
diode system frequency stabilized by simple saturated absorption
technique at 895 nm on the Cs D, line with a linewidth narrower
than 1 MHz. This laser source was developed to be used in a com-
pact cesium atomic clock based on coherent population trapping.
The frequency stability of the laser system, evaluated by measur-
ing the beat note of two similar laser systems and characterized
by Allan deviation, is measured to be lower than 1 X 10~ for
integration times of up to 2000 s, even achieving 4 X 102 at
200 s. This laser diode system, mounted in a mechanically stable
cage system using easy-to-find commercially available compo-
nents, remains in locked operation for several weeks without any
problem.

Index Terms—Allan deviation, distributed-feedback laser, laser
frequency stabilization, saturated absorption technique.

I. INTRODUCTION

REQUENCY-STABILIZED laser diode systems are re-

quired and applied variously in different fields for metro-
logical purposes and experiments such as atomic-frequency
standards, atomic magnetometers, laser-cooling experiments,
high-resolution spectroscopy, coherent optical communica-
tions, or accurate geophysical measurements using laser inter-
ferometers. Numerous techniques are described in the literature
for laser wavelength stabilization [1]. Fast frequency-noise
reduction of a laser system is generally achieved by locking
it onto the transmission peak of a reference ultrastable Fabry—
Perot cavity using the Pound-Drever-Hall technique [2]. A
continuous wave laser stabilized to such a cavity can achieve
a subhertz linewidth and a fractional frequency instability as
low as 2 x 10716 for averaging times of 1-10 s [3]-[6]. A com-
pact alternative method to cavity stabilization for fast Fourier
frequency-noise reduction consists to use an optical fiber delay
line interferometer with arm imbalance to measure the laser
frequency fluctuations during a fixed time delay [7]-[9]. When
long-term operation and stability are required, laser frequency
stabilization by comparison to an atomic or molecular absorp-
tion line is preferred. Best performances are generally obtained
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by combining saturated absorption techniques to reduce acous-
tic noise and narrow-linewidth (~100 kHz) extended-cavity
diode lasers (ECDLs) [10]-[12]. Interference-filter-stabilized
external-cavity diode lasers have even demonstrated best po-
tential and performances [13] than classical diffraction-grating
wavelength selection. Nevertheless, stable operation of ECDL
requires high immunity to ambient vibrations, optical misalign-
ment of the optical feedback path, accurate control of the cavity
length, and, consequently, multiple feedback servo paths for
wavelength stabilization.

Due to progress in the technology of semiconductor lasers
and low-frequency-noise levels, distributed feedback (DFB)
and distributed Bragg resonator (DBR) lasers now represent a
potential cost-effective alternative when a narrow linewidth is
desired. DBR lasers suffer from periodic nonlinearities in the
light—current characteristics due to longitudinal mode hopping.
In contrast, DFB lasers can operate in the same longitudinal
mode over a large current range and exhibit a larger side-mode
suppression. DFB linewidths greatly lower than 1 MHz have
already been demonstrated [14], even exhibiting linewidths as
narrow as 350 kHz [15] at 895 nm. For Cs atom physics ex-
periments, most of the literature refers to laser frequency stabi-
lization on the Cs D, line at 852 nm. Typical reported fractional
frequency stability is found to be from 4 x 10713 to a few 10712
at 1-s integration time with ECDLs [10], while it is measured
tobe 1 x 107! [16] =1 x 10~'° with DBR diode lasers [17].

This paper reports on frequency stabilization of a commer-
cially available DFB diode laser system onto the Cs D; line
at 895 nm using standard saturated absorption method. This
wavelength was selected because our laser is devoted to be
used in a coherent population trapping (CPT) Cs vapor cell
clock [18]. To our knowledge, typical laser frequency stability
performances obtained by stabilization against Cs Doppler-free
D line at 895 nm have never been clearly reported.

II. DFB LASER SYSTEM

Fig. 1 reports the DFB laser system combined with the
saturated absorption scheme.

The laser source is a commercially available GaAs semicon-
ductor DFB laser diode with integrated grating structure emit-
ting in a single mode at 895 nm. It is housed in a hermetic TO-3
package with thermistance and thermoelectric cooler. The max-
imum output optical power is about 50 mW, while its threshold
current is about 50 mA. The temperature coefficient of wave-
length is about 0.06 nm/K, while the dependence of wavelength
on injection current is 0.003 nm/mA. The diode laser is driven
by a low-noise current controller inspired from [19] exhibiting
a current noise power spectral density lower than 50 pA/v/Hz
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Fig. 1. DFB laser diode optical setup. (QWP) Quarter-wave plate. (HWP)
Half-wave plate. (PD) Photodiode. (M1) Mirror. (C1 and C2) Polarizing cube
splitters. (Cs) Cs cell.

in a 1-kHz bandwidth. The diode laser temperature is sta-
bilized within the millikelvin level with a high-precision
temperature controller using the internal Peltier cooler.

The output beam of the DFB laser is collimated using
an antireflection-coated aspheric lens with a focal length of
2.5 mm and a numerical aperture of 0.55. The output of
the DFB laser is passed through an optical Faraday isolator
(45 dB) in order to avoid optical feedback. A polarizing beam
splitter cube (C1) combined with a half-wave plate is then used
to split the optical beam in two directions.

The first beam is directed to the saturated absorption setup
used to stabilize the laser frequency. In the first sense, the
3-mm-diameter beam is used as the pump beam to saturate
cesium vapor in a 2-cm-diameter and 2.5-cm-long
antireflection-coated glass cell. At the output of the cell,
the light is retroreflected by a silver-coated mirror and used as
the probe beam. The reference cell is surrounded by a single-
layer mu-metal magnetic shield in order to avoid perturbations
from environmental magnetic fields. For optimized long-term
operation and stability, the cell is placed in an oven carefully
temperature stabilized using an improved analog—digital
version of the electronic temperature controller described
in [20]. The cell temperature sensor is controlled below the
millikelvin level at 1-s integration time and better than 10~°
level at 4000 s. The light is detected at the output of the
cube splitter C2 by a low-noise photodiode followed by a
transimpedance amplifier.

The laser frequency stabilization is achieved by applying
a low-frequency sinusoidal modulation (60 kHz) added to
the DFB laser injection current. The output voltage from the
photodiode absorption signal is amplified, filtered, and syn-
chronously demodulated using a laboratory-prototype digital
lock-in amplifier. The latter provides a dispersive error signal
used to adjust the laser frequency by correcting its injection
current through a proportional—integral controller.

The second output beam from the cube C1, used as the main
output for the Cs CPT clock experiment, is sent through a
second half-wave plate and potentially injected in a pigtailed
fiber-optic connector-angled physical contact (FC-APC) optical
fiber using a fiber port collimation system. The DFB laser
system ensemble is mounted in a compact mechanically stable
cage system using commercially available components and
isolated from acoustic vibrations by a sophisticated optical table
with pneumatic damping.
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Fig. 2. Voltage noise of the laser frequency servo lock-in amplifier output
(servo on or servo off).

III. EXPERIMENTAL RESULTS

Fig. 2 reports the voltage noise of the laser frequency servo
lock-in amplifier output in free-running and locked conditions.
Optimal conditions result from a tradeoff between loop noise
reduction for long-term operation and control bandwidth. In
this case, the laser frequency servo bandwidth is about 400 Hz,
while the noise level at 1-Hz offset frequency is reduced by
about 45 dB.

Two laser systems similar to the one described in Section II
were built to measure the typical DFB beat-note linewidth and
frequency stability as shown in Fig. 3. Both laser systems use
independent reference cells. The first DFB laser is frequency
stabilized onto the Cs 4-3’ transition, while the second is
locked onto the Cs 4-4’ transition. The frequency difference
between these two transitions is about 1.16 GHz. For linewidth
measurement, the main output beam from both lasers is injected
in a 50-50-splitting-ratio optical polarization-maintaining fiber
coupler. The coupler is used to mix the two beams and generate
the beat-note signal. FC-APC fiber connectors are used to avoid
optical feedback. The beat-note signal is detected by a fast
photodiode, amplified by 23 dB with a low-noise amplifier,
low-pass filtered, and analyzed with a microwave spectrum
analyzer.

Fig. 4 gives the spectrum of the beat-note signal at 1.16 GHz
from two similar DFB laser systems in locked configuration.
The full-width at half-maximum (FWHM) of the beat note
is measured to be 1.95 MHz in free-running conditions. The
linewidth of a single laser is about 975 kHz.

For laser frequency stability measurement (see Fig. 3),
the resulting 1.16-GHz beat-note signal is compared to a
1.16 GHz + 6 MHz signal coming from an IFR2023A syn-
thesizer driven by a hydrogen maser. The final beat note at
6 MHz is low-pass filtered, amplified, and counted using a high-
resolution frequency counter. This frequency down-conversion
to 6 MHz was done not only because no microwave counter was
available in the laboratory but also to improve the frequency-
counting resolution.

Fig. 5 shows the Allan deviation versus the integration time
of the beat-note signal frequency under free-running or locked
conditions.
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Fig. 4. DFB beat-note spectrum in locked configuration. The spectrum ana-
lyzer resolution bandwidth is set to 30 kHz. The FWHM of a single laser is
975 kHz in free-running conditions.
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Fig. 5. Allan deviation of the DFB laser beat-note frequency (servo on or
servo off).

In the free-running regime, the short-term frequency stability
is measured to be 1.5 x 1079 at 1-s integration time, increasing
to reach about 8 x 1072 at 100-s integration time. In the stabi-
lized regime, the laser beat note exhibits a frequency instability
of 1 x 107! at 1-s integration time and decreases with a /7
slope until 4 s before reaching a wide flat flicker floor at the
level of about 4—5 x 10712, For averaging times longer than
200 s, the Allan deviation increases again without showing a
clear 7 slope drift. These results compare favorably with those
presented in [16] and [17] on the Cs D, line. We are confident
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that the laser system remains locked for several weeks without
any problem.

Frequency stability performances of our DFB laser system
are greatly satisfying for a CPT Cs vapor cell clock applica-
tion. In such a clock, laser frequency variations can induce a
clock frequency variation through the light-shift-induced effect.
Typical reported values are a clock frequency variation of
about —20 mHz for a 1-MHz laser frequency change [21]. In
our setup, the DFB laser frequency instability of 1 x 10!
corresponds to a typical frequency variation of 3.5 kHz. The
clock frequency stability limitation due to laser frequency
changes is consequently reduced to a level of 7.6 x 10~ !° that
is several orders of magnitude lower than frequency stability
performances obtained with the state-of-the-art CPT-based Cs
vapor cell atomic-frequency references [22].

IV. CONCLUSION

We have demonstrated a DFB laser system frequency sta-
bilized by classical saturated absorption technique on the Cs
Doppler-free D; line at 895 nm. It exhibits a fractional fre-
quency instability better than 10~ ! at 1-s integration time and
lower than 5 x 10712 at 200 s. This laser source will be used in
a Cs vapor cell clock based on CPT.
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