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Frequency-stabilized diode laser at 780 nm with a
continuously locked time over 100 h
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Two extended-cavity diode lasers at 780 nm which are longtime frequency-stabilized to Rb87 saturated ab-
sorption signals are reported. A high-performance frequency-locking circuit module using a first-harmonic
detection technique is designed and achieved. Two lasers are continuously frequency-stabilized for over
100 h in conventional laboratory condition. The Allan standard deviation of either laser is estimated to
be 1.3× 10−11 at an integration time of 25 s. The system environment temperature drift is demonstrated
to be the main factor affecting long-term stability of the stabilized lasers based on our correlation study
between beat frequency and system environment temperature.
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More interest comes to diode lasers frequency-stabilized
to atomic or molecular transitions owing to their sig-
nificant applications in atomic, molecular, and optical
(AMO) physics[1], precise measurement[2], and optical
communication. The reliability and compactness of diode
lasers, as well as their broad tunable frequency range[3],
make them attractive for frequency stabilization[4]. In
this letter, we present two identical extended-cavity diode
lasers (ECDLs) at 780-nm frequency-locked to saturated
absorption[5] signals of Rb87 D2 hyperfine transitions[6,7].

Continuously locked time of frequency-stabilized
ECDL is a vital factor since longtime frequency-locked
laser is necessary in many of its applications, such
as Bose-Einstein condensate experiments[8] and high-
performance atomic clocks. In this letter, we provide a
solution for extending continuously locked time. In ad-
dition, we develop a miniaturized frequency-stabilizing
servo circuit which fits to a compact module box with
a friendly operating interface. This technique can be
widely used in the labs and commercialized ways.

The whole experimental system consists of three sub-
systems, which are correspondingly saturated absorption
system (SAS), frequency beat system (FBS), and elec-
tronic servo system (ESS). Layouts of these subsystems
are shown in Fig. 1, in which solid lines represent optical
paths while dotted lines illustrate electronic links.

In the SAS, we use our home-made 780-nm ECDL
(UQDL100) as laser sources, which are Littrow
configurations. Under our laboratory circumstance, the
laser current varies below microampere level using an
extremely low-noise current supply. The temperature
of the laser diode is stabilized at millikelvin level. The
source also has a mode-hop free frequency tuning range
of 15 GHz, a linewidth of approximately hundreds of
kilohertz, a side-mode suppression of 40−50 dB, and a
typical output power of 10 mW. The laser beam is gener-
ated from an ECDL and then passes through a Faraday
optical isolator whose isolation ratio is over 30 dB. After
passing through a half-wave plate and a polarizing beam
splitter (PBS), a part of laser is used for absorption spec-

troscopy detection while the other part is coupled out for
applications. To obtain absorption spectroscopy, a laser
beam is split to two beams after passing through a glass
beam splitter (GBS). One beam is 4% reflected from
the GBS, then goes through a 5-cm-long rubidium vapor
cell and reaches a photoelectric detector, which records
the absorption spectroscopy to lock the laser frequency.
The other beam is reflected by two mirrors to pump the
rubidium atoms in the absorption cell. Both beams are
adjusted overlapping in the absorption cell. The whole
optical setup of two frequency-stabilized laser systems is
limited in a 50×40×12 (cm) space.

In the FBS, the two coupled-out laser beams from the
frequency-stabilized laser systems are combined for fre-
quency beat by a PBS. The combined laser beams pass
through another PBS together, thus their components in
the same propagating direction and in the same polar-
ization are ensured. The beat laser beam is reflected and

Fig. 1. Experimental setup. ISO: isolator; λ/2: half-wave
plate; GBS: glass beam splitter; Rb: rubidium vapor cell; PD:
photoelectric detector; L: convex lens; APD: avalanche pho-
todiode; PC: personal computer; SG: signal generator; PS:
phase shifter; PSD: phase-sensitive detector; PI: proportional
and integral processor.

1671-7694/2010/050496-03 c© 2010 Chinese Optics Letters



May 10, 2010 / Vol. 8, No. 5 / CHINESE OPTICS LETTERS 497

Fig. 2. Relative stability (Allan standard deviation) of the
frequency-stabilized ECDL.

Fig. 3. 110 h beat frequency record.

then focused to the avalanche photodiode (APD) by a
convex lens. To study Allan variance of the laser beat, we
use an Agilent 53131A counter, a HP 34970A data acqui-
sition unit, and a computer for data recording. Through
this way, longtime beat frequency from the APD and
simultaneous temperature value from a thermal resistor
put in the middle of the two vapor cells can be recorded
with a computer.

Inside the ESS box there are two printed circuit boards
(PCBs), the first one is used for generating modulation
signal and reference signal while the second one is de-
signed for phase discrimination and filter amplification.
The first PCB provides both modulation signal and refer-
ence signal at the frequency of 2.5 kHz, whose harmonic
suppression ratios are both better than 65 dB. The phase
difference between the two signals can be continuously
adjusted within a 360◦ range, in order to compensate the
phase delay around the servo system. The second PCB
serves to lock the laser frequency by phase discrimina-
tion. It demodulates the signal from the photoelectric
detector by a phase discriminator and gives out the error
signal with the aid of filter loop, in which the bandwidth
of the low-pass filter is set at 10 Hz.

After turning laser frequency to Rb87 D2 hyperfine
transitions and scanning it at a relatively low rate (typ-
ically 0.1 Hz), we obtain error signals with high signal-
to-noise ratios. After turning off the scan, we feed the
error signal back to the laser’s piezoelectric transducer
(PZT) driver to lock the laser frequency with a propor-
tional and integral processor (PI)[9], in which the pro-
portional processor depresses the short-term frequency
noise and the integral processor depresses the long-term
frequency drift. The two diode lasers are frequency-
locked to different crossover saturated absorption signals
of Rb87 D2 hyperfine transitions whose frequency inter-
val is approximately 80 MHz. Then the beat frequency

between the two lasers can be recorded by the automatic
data recording system.

Relative stability of the beat frequency is calculated
to illustrate relative stability of the frequency-stabilized
laser in the form of Allan standard deviation[10] σ(τ),
which obeys[11]

σ1(τ) = σ2(τ) =
1√
2
σtot(τ), (1)

where τ is the integration time, and σtot (τ) represents
Allan standard deviation of the beat frequency, while
σ1 (τ), as well as σ2 (τ), represents Allan standard devi-
ation of either laser frequency.

As illustrated in Fig. 2, the relationship presenting
relative frequency stability of the stabilized laser, which
is based on totally 24-h data, can be approximately de-
scribed as

σ (τ) = 4.4× 10−11τ−1/2 + 1.5× 10−12τ1/2

− 2.7× 10−12 (1 ≤ τ ≤ 100 s). (2)

The stability at τ=1 s is as low as 4.3 × 10−11 and the
best stability of 1.3 × 10−11 is reached at τ=25 s. The
character of frequency noise is very important for fre-
quency stability of a stabilized laser, consequently it is
studied in our experiment. In Eq. (2), the τ−1/2 term is
introduced by white frequency noise, the τ1/2 term comes
from random walk of frequency noise and the constant
term originates from flicker frequency noise.

As our most constructive achievement, both diode
lasers are simultaneously frequency-locked and maintain
their locked state over 100 h, which is illustrated in Fig.
3. It should be noted that we stop locking the two laser
frequency after 100 h since we suppose that 100 h has
been a sufficiently long time for applications, and in
principle, the lasers are able to keep frequency-locked
continuously as long as possible when the system envi-
ronment temperature changes within 2 ◦C and there is
no big vibration around.

Fig. 4. Evolution of (a) beat frequency drift and (b) system
environment temperature drift.
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Excellent continuously locked time is achieved due to
our particular considerations. Firstly, slow laser fre-
quency drift is the most direct threat to a long locked
time, correspondingly the integral part in a PI cir-
cuit serves the function to compensate that. Unfortu-
nately on account of nonideal characteristics of electronic
components, particularly bleeder resistance of the inte-
gral capacitor, the amplitude-frequency response at low-
frequency band drops, which leads to a limited compens-
able range for frequency drift. Thus in our integral cir-
cuit we use polytetrafluoroethylene (PTFE) capacitors,
which have a rather low bleeder resistance. Secondly, 10-
mm-long PZT in ECDL and the high gain of correspond-
ing high-voltage (HV) PZT drivers ensure a maximum
5-GHz compensable range, while the free-running laser
frequency drift in our lab environment is approximately 1
GHz based on our observations. Thirdly, we benefit from
the well controlled bandwidth of the band-pass filter pro-
cessing photoelectric signals and bandwidth of the low-
pass filter processing error signals in the demodulation
circuit.

The system environment temperature drift is demon-
strated to be the main factor undermining the long-term
frequency stability and limiting continuously locked time
of stabilized lasers based on our correlation study be-
tween the beat frequency drift and the system environ-
ment temperature drift.

The considerable correlation between the beat fre-
quency and the system environment temperature can be
discovered in Fig. 4, which is based on a 50-h experi-
mental record. As a consequence, to enhance the long-
term frequency stability of a stabilized laser by depress-
ing the frequency drift, efficient temperature controlling
solutions should be applied, in which the rubidium vapor
cell, as well as the ECDL, should be most concerned.

In conclusion, two identical ECDLs are simultane-
ously frequency-stabilized to saturated absorption sig-
nals of Rb87 D2 hyperfine transitions for over 100 h,
adopting a first-harmonic detection technique. Partic-
ular integral components and high-gain HV PZT drivers
are applied to ensure a significantly long continuously
locked time. The noise characteristic of the relative

frequency stability is analyzed. To improve the long-
term stability of a frequency-stabilized laser, the obvi-
ous correlation between the beat frequency drift and the
temperature drift suggests that the system environment
temperature, especially temperatures of the vapor cell
and the ECDL, should be well controlled. This long-
time continuously frequency-locked ECDL can be widely
used in AMO physics, precise measurement, and high-
performance atomic clock, etc.
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6. M. Têtu, N. Cyr, B. Villeneuve, S. Thériault, M. Breton,
and P. Tremblay, IEEE Trans. Instrum. Meas. 40, 191
(1991).

7. J. Ye, S. Swartz, P. Jungner, and J. L. Hall, Opt. Lett.
21, 1280 (1996).

8. M. H. Anderson, J. R. Ensher, M. R. Matthews, C. E.
Wieman, and E. A. Cornell, Science 269, 198 (1995).

9. Y. Lin, W. Chen, T. Li, P. Lin, P. Wang, and N. Liu,
Chinese J. Lasers (in Chinese) 36, 1075 (2009).

10. Y. Wang, Principle of Quantum Frequency Standards (in
Chinese) (Science Press, Beijing, 1986).

11. F. Riehle, Frequency Standards:Basics and Applications
(Wliey, Weinheim, 2005).


