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External-cavity diode laser (ECDL) has important applications in many fundamental and applied
researches. Here we report a method to fast and widely tune the frequency of a stabilized ECDL. The
beat frequency between the ECDL and a frequency-locked reference laser is identified by the voltage-
controlled oscillator contained in a phase detector, whose output voltage is subtracted from the flexibly
controlled PC signal to generate an error signal for stabilizing the ECDL. The output frequency of the
stabilized ECDL can be shifted at a short characteristic time of ∼ 150 µs within a range of ∼ 620 MHz.
The wide and fast-frequency tuning achieved by our method is compared with other previous works.
We demonstrated the performance of our method by the efficient sub-Doppler cooling of Cs atoms
with the temperature as low as 6 µK.
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atoms

1 Introduction

Methods of stabilizing the frequency of an external-cavity
diode laser (ECDL) play irreplaceable roles in many fun-
damental and applied researches that associated with
quantum entanglement and storage [1–4]. In these exper-
iments, the precise and effective manipulation of atoms
highly depends on the stability of laser frequency as well
as the wide and fast-frequency tuning for the output of a
stabilized laser. Various kinds of spectroscopy technolo-
gies have been studied theoretically and experimentally
to stabilize the frequency of ECDL. Among most of these
methods, the laser frequency can be stabilized on the cer-
tain atomic or molecular resonant transition line [5, 6],
the resonant frequency of a cavity [7, 8], the optical fre-
quency comb [10], and also using the injection locking
technique [11]. Optical phase-locked loop (OPLL) has
been also used to stabilize a laser to another frequency-
locked reference laser [12–14].

In many experiments on the interaction of laser with
atoms, the output frequency of a stabilized ECDL needs
to be shifted quickly and widely from one experimental
phase to the next. Especially for the experiments of laser

∗ This article can also be found at http://journal.hep.com.
cn/fop/EN/10.1007/s11467-021-1117-2.

cooling and manipulating atoms, the frequency shift needs
to be fast and widely changed in many different experi-
mental stages, such as the magneto-optical trap, the op-
tical molasses and the optical pumping [15]. The dou-
ble pass of (acousto-optic modulator) AOM, in which the
double pass scheme improves the alignment with differ-
ent frequency shifts compared to the single pass, has been
widely used to continuously shift laser frequency by a few
tens of MHz [16]. However, there is a large loss in the laser
power and the loss will increase with the increasing fre-
quency shift. Electro-optic modulators (EOMs) have been
used after the stabilized ECDL to shift the frequency by
a few GHz [17, 18], but the EOM-modulated laser con-
tains different frequencies, which cannot be separated spa-
tially and may cause the undesirable transitions in the
experiments of atoms. Although the OPLL was demon-
strated to shift the output frequency of the stabilized slave
laser on the basis of the well-designed servo electronic cir-
cuit [13, 14], the range of frequency shift has to compro-
mise a fast jump time.

Here an efficient method has been demonstrated to
fast and widely tune the output frequency of a stabilized
ECDL. The voltage-controlled oscillator (VCO) in a phase
detector is used to recognize the beat frequency between
the ECDL and a frequency-locked reference laser. The er-
ror signal is obtained by subtracting the output voltage of
phase detector from the PC signal. The frequency of a sta-
bilized ECDL can be fast and widely tuned by controlling
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the PC signal flexibly. The results based on this method
are quantitatively compared to other works [13, 14]. Our
method has been used in the sub-Doppler cooling of Cs
atoms to obtain a more efficient cooling. Our method has
significant applications in the experiments of laser inter-
acting with atoms.

2 Experimental setup

Experimental schematic and setup for the fast and wide
tuning of the output frequency of a stabilized ECDL are
illustrated in Fig. 1. Laser 1 at the output wavelength of
∼ 852.35 nm is regarded as the reference laser, which has a
power of ∼ 52 mW after the optical isolator. About 4 mW
power from the reference laser is used for the frequency
stabilization by the polarization spectroscopy (PS) [19].
To lock the frequency of reference laser precisely, we use
the double-pass modulation of AOM and the feedback cir-
cuit to stabilize the laser power used for the stable PS. A
small fraction of laser power is monitored by the PD1,

Fig. 1 Experimental setup for the fast and wide tuning of
the frequency of a stabilized ECDL. The reference laser (laser
1) is locked by a stable polarization spectroscopy (PS), which is
obtained by stabilizing the power of a weak laser beam used for
PS. ECDL (laser 2) interferes with the reference laser on a fast
photodiode. The beat frequency is divided by 4080, and then is
identified by the VCO contained in the phase detector LM565.
The error signal is fed to the current and PZT ports of ECDL
by two PIDs. The output frequency of the stabilized ECDL
can be fast and widely tuned by controlling the PC signal.
ISO, optical isolator; G, glass; λ/2, half-wave plate; M, mir-
ror; PBS, polarization beam splitter; PD, photodetector; VCO,
voltage-controlled oscillator; AMP, amplifier; AOM, acousto–
optic modulator; L, lens; λ/4, quarter-wave plate; BPD, am-
plified balanced photodetector.

and is used to stabilize the laser beam for a stable error
signal. A strong pump beam saturates a transition of Cs
atoms in the vapor cell and the weak probe beam probes
the change in the atomic population. After the vapor cell
two separated weak probe lasers are recorded by an ampli-
fied balanced photodetector (BPD), whose output signal
is regarded as the error signal of reference laser. When
the offset voltage of PZT in the reference laser is scanned,
the error signal is shown in Fig. 2(a). The frequency-
shifted laser beam through the double modulation of AOM
is locked on the 6S1/2, F = 4 → 6P3/2, F = 5 cycling tran-
sition of Cs atoms. The direct output of the frequency-
locked reference laser is detuned by ∆ref = + 220 MHz
referring to the cycling transition, and the linewidth of
reference laser is about 1 MHz.

ECDL (laser 2) has an output power of ∼ 50 mW and
the weak beam splitted by a PBS goes through a glass
and mixes with the beam of the frequency-locked ref-
erence laser. The beat note is obtained by interfering
these two beams on a fast photodiode (PD2), as shown in
Fig. 1. The beat note is sent to a frequency divider with
f ′
b = fb ÷ 4080, and then f ′

b is identified by the VCO in
a phase detector (LM565). If f ′

b locates in the frequency
range of VCO from 62 kHz to 228 kHz, the phase detector
will generate a certain voltage in the range from −10 V to
+10 V. As a result, the beat frequency fb can be tuned in
a range of fb ≈ −252 ∼ −930 MHz. To extend the tunable
range of beat frequency, which is originally limited by the
frequency range of VCO in the phase detector, a frequency
mixer is added before that the beat frequency entering
the phase detector. For example, this has significant ap-
plications in the frequency stabilization of trapping and
repumping lasers to the same frequency-locked reference
laser in the laser cooling experiments, where the trapping
and repumping lasers have a large frequency difference in
the microwave range.

The output voltage of phase detector is sent to an adder,
and then is subtracted from a PC signal to obtain the er-
ror signal for ECDL. When we scan the offset voltage of
PZT in the ECDL, the error signal shows a linear curve, as
shown in Fig. 2(a). The error signal is fed back to the cur-
rent and PZT ports of ECDL with the different polarities.
The linewidth of the stabilized ECDL is about 1.8 MHz.
Figure 2(b) shows the square root of Allan variance σ(τ)
for the free-running ECDL and for the stabilized ECDL,
respectively. Here the σ(τ) is derived from the error signal
as a function of τ and describes the frequency stability of
ECDL. Allan variance is defined as

σ2(τ) =
1

Nd − 1

N−1∑
i=1

(yi − yi−1)
2, (1)

where Nd is the number of groups divided based on the
period τ for the data of error signal and yi is the averaged
value of the ith group data. The stabilized ECDL exhibits
a good frequency stability by the lower σ with a long τ .

According to the scheme to obtain the error signal of
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Fig. 2 (a) The error signal (blue curve) is obtained in the
PS by scanning the offset voltage of PZT in the reference laser.
The error signal (red curve) is obtained by scanning the offset
voltage of PZT in the ECDL. (b) The square root of Allan
variance σ(τ) is used to describe the frequency stability for the
free-running (blue circles) and stabilized (red circles) ECDL.

ECDL, we can change the beat frequency and the output
frequency of the stabilized ECDL by flexibly controlling
PC signal. In order to fast and widely tune the output fre-
quency of a stabilized ECDL, we add a feedforward part
in the electronic circuit. The PC signal is directly sent
to the current port with the appropriate proportion. All
electronic elements are very common and accumulated on
a PCB board after the dividers. In detail, these electronic
elements contain the feedforward circuit, the phase de-
tector, two common PIDs with different polarities for the
current and PZT ports, and the adders used for the adding
and reversing functions.

3 Experimental results and discussion

Figure 3 shows a fast response of the error signal to a peri-
odic square wave signal, which is provided by the PC. The
e−t/τc decay is used to fit the variation of the error curve,
where τc is defined as a characteristic time to describe
the speed of frequency jumping. When the PC signal is
jumped to 6 V from −3 V, the beat frequency varies from
−300 MHz to −700 MHz and the output frequency of the
stabilized ECDL is downshifted by 400 MHz. The fitted
characteristic time is τc ∼ 150 µs. The same τc is also
obtained when the PC signal returns to −3 V from 6 V,
and the frequency is upshifted by 400 MHz. We also mea-

Fig. 3 The response (red curve) of error signal of a stabilized
ECDL to a square wave signal (blue curve), which is adjusted
between −3 V and 6 V. The characteristic time is obtained as
τc ≃ 150 µs by fitting the variation of error signal to the e−t/τc

decay (black curves). The inset shows the locked beat note,
which is obtained by using a spectrum analyzer.

sure the τc for the different frequency shifts, we find that
the τc nearly keeps the same within the tunable range
of ∼ 620 MHz. Although the phase detector allows the
maximum range of frequency shift ∼ 680 MHz, which is
induced by adjusting the PC signal from −10 V to 10 V,
we find the frequency cannot be fast shifted when the beat
frequency is tuned to the two sides of the maximum range.

We will now compare our result with two previous
works, in which the beat note in the OPLL is modi-
fied by means of a local oscillator in an appropriate RF-
mixer [13, 14]. The output frequency of the stabilized
ECDL can be tuned in a range of 200 MHz by using both
the low-pass filter and the phase advance circuit to di-
rectly feed the modified beat note for the ECDL [13]. The
frequency jump of 50 MHz was demonstrated in less than
200 µs. Another frequency dependent error signal is de-
rived from the amplitude response of an electronic high-
pass filter to the modified beat note [14]. The time needed
for the error signal to return to a value near zero after a
frequency shift of 56 MHz is measured as 6 ms. In com-
parison, our method has a great advantage for fast shift-
ing the output frequency of a stabilized ECDL in a larger
range.

The output of the stabilized ECDL is coupled to an op-
tical fiber for the sub-Doppler cooling of Cs atoms. The
developed method has been used to fast and widely tune
the frequency detuning δ of cooling laser. Figure 4 shows
the dependence of the temperature T of atomic cloud af-
ter a 3 ms optical molasses cooling on the δ below the
cycling transition of Cs atoms. Here a cold temperature
of T ∼ 6 µK is obtained by increasing the detuning to δ
∼ −110 MHz. The scaling law of T = N1/3Ω/|δ|3/2 is
used for a good fit, where N is the number of atoms and
Ω is the Rabi frequency of cooling laser [20]. Due to the
short τc, we do not find any heating for the atomic sample
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Fig. 4 The temperature of Cs atomic cloud after the 3-ms
optical molasses cooling as a function of cooling laser frequency
detuning relative to the 6S1/2, F = 4 → 6P3/2, F = 5 cycling
transition of Cs atoms. The cooling laser is provided by a
stabilized ECDL, whose output frequency can be shifted fast
and widely. The red dots and blue squares are the measured
temperatures of atoms in the horizontal and vertical directions,
respectively. The solid lines are the fitting curves.

during the fast tuning of the laser frequency. The number
of atoms after the optical molasses cooling is measured
as N ∼ 6 × 107, and the variation of δ has little effect
on the N . In our previous experiment [21], a maximum
detuning of δ ∼ −70 MHz is achieved by the double pass
of AOM (MT110-B50A1-IR) with the center frequency ∼
110 MHz and the range of frequency shift ∼ ±25 MHz,
but the power of cooling laser after the optical fiber is
decreased to a third. The optimized temperature was
measured as 50 µK, and the relative high temperature is
mainly attributed to the limited frequency detuning and
the reduction of laser power. Thus the current method
has a better cooling result.

4 Conclusion

In conclusion, we have experimentally demonstrated a
method to realize the fast and wide tuning of the output
frequency for a stabilized ECDL. The range of frequency
shift covers all hyperfine transitions of D2 for the alkali
metal atoms and the fast tuning has no any heating in
the optical molasses cooling of Cs atoms. Our method
has several advantages. First, it could shift the frequency
of a stabilized ECDL on a larger range than the double-
pass modulation of AOM. Second, it does not cause any
loss on the laser power as the AOM does. Finally, this
simple method should work in a number of experiments
on the interaction of light with atoms for many different
atomic species.
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