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A simple method for laser frequency stabilizing by a temperature-tuned Fabry–Perot etalon is reported. The 
etalon is a plano–convex lens that permits tuning the length and refractive index via controlling the temperature 
for shifting wavelengths in the region of 852 nm, with a transmission spectral linewidth of ∼72.5 MHz and free 
spectral region of ∼16 GHz. Using this scheme, arbitrary frequency locking of a laser with an adjustable 
frequency resolution of 2.34 GHz/◦C is realized, and MHz-level long-term stability is demonstrated. © 2022 
Optica Publishing Group

https://doi.org/10.1364/AO.460238

1. INTRODUCTION

Laser frequency stabilization is critical in laser spectroscopy and
atom physics, such as laser cooling and trapping [1–4], quantum
manipulation [5], photon storage [6], and quantum teleporta-
tion [7,8]. In these experiments, the laser frequency needs to be
stabilized in the desired range by feedback control, so the most
important things are frequency stability and tuning flexibility.
Several methods are commonly used for laser frequency locking.
One is to lock the laser to an atomic or molecular resonance,
often using a saturated absorption spectrum (SAS) to obtain a
narrow linewidth and correspondingly better frequency stabi-
lization [9]. This method has been widely used because of its
simplicity, effectiveness, good stability, and reproducibility, but
the disadvantage is that the laser frequency can be locked only
on the inherent transition line, and the laser frequency range
is limited. Alternatively, it is possible to use an external optical
cavity to transfer the stability from a stabilized reference laser to
the target laser, which has a significant difference in frequency
[10]. For ultrastable lasers, the linewidth is usually narrowed to
the order of sub-hertz or sub-millihertz with the help of the ULE
cavity [11,12]. However, the primary disadvantages of these two
technologies are high cost and complexity, which make them
not suitable for a compact and straightforward experimental
system.

A Fabry–Perot (F-P) etalon as a narrowband tunable filter
has been widely studied during the past several years. Therefore,
we hope to realize the continuous tunability of the locked laser
within a wide range using a customized F-P etalon to build a
low-cost and straightforward laser frequency locking system.

Etalon frequency stabilization is a well-established technique. It
is common to see lasers lock to a length-tuned [13] or tilt-tuned
[14] etalon. Our scheme combines the intrinsic stability of the
monolithic etalon with a wide free spectral region (FSR) and
spatial mode filtering to customize plano–convex resonator
construction. This special F-P etalon not only has the advantage
of long-term stability and desirable suppression for unwanted
modes [15], but also can lock the laser at any frequency within
laser frequency coverage by tuning the cavity length.

In our experiment, we measured characteristic parameters of
the etalon, studied the influencing factors of mode matching,
frequency shift, and locking stability, verified the feasibility of
arbitrary locking of the laser in a certain frequency range by tem-
perature tuning, and analyzed the instability. It is very helpful
to have laser locking without a reference line, such as strong
coupling between the laser and microring resonator [16–19],
and experiments in atom cooling and trapping. The frequency
locking stability of the system can be further improved with the
help of a lower thermo-optic coefficient etalon and a full PID
servo [14,20,21].

2. EXPERIMENTAL SETUP

Figure 1 illustrates the experimental setup. The system is driven
by an 852 nm diode laser (measurement laser). Part of the beam
passes through the cesium (Cs) cell to obtain the SAS monitored
by a photodetector (PD1). The other part of the beam passes
through the etalon and then is detected by PD2, followed by
feedback to lock the laser. The reference laser is locked to the
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Fig. 1. Experimental Setup. λ/2, half-wave plate; PBS, polarization beam splitter; BS, beam splitter; PD1, PD2, and PD3, photodectectors;
TC, temperature controller (connected to TEC of etalon); FC1 and FC2, fiber couplers; HF detector, high frequency detector; Analyzer, spectrum
analyzer.

resonance transition peak of Cs atoms, providing a very stable
reference frequency. The measurement laser and reference
laser are coupled to fiber couplers FC1 and FC2, respectively.
These two laser beams are combined using a fiber combiner and
attenuated to a suitable level before entering the high frequency
photodetector for beat-note measurement. The spectrum
analyzer records the beat-note signal. The entire experimental
device is enclosed to minimize the disturbance of airflow to the
temperature of the etalon.

To have good mode matching, the mode in the cavity should
satisfy two conditions. The first one is laser frequency matching,
which is a standing wave condition and is often accomplished
by tuning the laser current, temperature, PZT voltage or cavity
length directly. The second one is a stable mode condition,
which is accomplished by a mode matching lens to adjust
the laser beam wavefront to match the curvature of the cavity
reflection mirror. Using a lens with 100 mm focal length in our
experiment for mode matching has a better suppression effect
for an unwanted mode.

The F-P etalon we used is a solid plano–convex resonator
constructed from a single substrate, and the design value of
the high reflectivity coating on each surface is R = 99%. BK7
was chosen as the substrate material with center thickness
L = 6.3 mm, and curvature radius r = 40.7 mm, owing to its
high transmission in the near infrared and high coefficient of
thermal expansion, and satisfying the stability condition for
plano–convex lenses: 0< 1− L

r < 1. The quality of an etalon is
governed by its finesse, which in the ideal case is

Fi =
π
√

R
1− R

. (1)

The FSR of the etalon is given by the familiar formula

FSR=
c

2nd cos(θ)
, (2)

where c is the speed of light, n is the refractive index of the
etalon, d is the etalon thickness, and θ is the angle of light

propagation within the etalon relative to the surface. Normally
θ does not change when mode matching is stable in an exper-
iment. Thus the FSR can be tuned by altering n and d . For
our temperature dependent etalon, changing the temperature
will affect simultaneously both the cavity length and refractive
index. According to the well-known resonant condition of the
F-P etalon (ν = c/2n(T)d(T)), the dependence of resonant
frequency ν on temperature T can be written as

dν
dT
=−

(
α +

1

n0

∂n
∂T

)
ν0. (3)

The first term of Eq. (3) is the contribution of cavity length
to the shift of resonant frequency as the temperature changes,
and the second term is the contribution of the refractive index
to the shift in frequency. Here ∂n/∂T is the temperature coef-
ficient of refraction and can be obtained from the Sellmeier
equation [22]

∂n(λ, T)
∂T

=
n2

0 − 1

2n0

(
D0 + 2D11T + 3D21T2

+
E0 + 2E11T
λ2 − λ2

0

)
,

(4)
where1T is the difference between T and T0. D0, D1, D2, E0,
E1,λ0 are constants that can be obtained from Ref. [23].

Thus the temperature stability will affect the frequency
locking performance of the etalon. To reduce the influence of
temperature drift on frequency locking as low as possible, we use
a PID temperature controller (Thorlabs TED200C) to keep the
temperature stable. According to Eq. (3), the cavity length and
refractive index of the etalon can be tuned via the temperature
control system to realize the frequency shift of the transmission
peak and achieve arbitrary locking of laser frequency in a FSR.

3. EXPERIMENTAL RESULTS

PD2 provides the transmission spectrum across the etalon.
The SAS of Cs is detected by PD1, which is used as a frequency
standard to characterize the spectral properties of F-P etalons.
As shown in Fig. 2(a), the transmission spectrum linewidth1ν
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Fig. 2. (a) The blue line shows the SAS of cesium D2 line transition of 62 S1/2(F = 3)↔ 62 P3/2(F ′ = 2, 3, 4), which acts as a frequency
ruler for the transmission spectrum (black points). The transmission peak represents the TEM00 mode, and the red line shows Lorentz fitting.
(b) Measurement of free spectral region (FSR). The blue line shows the transmission profile over one full FSR. The orange line shows the SAS of
cesium D2 line transitions of 62 S1/2(F = 4)↔ 62 P3/2(F ′ = 3, 4, 5) and 62 S1/2(F = 3)↔ 62 P3/2(F ′ = 2, 3, 4).

of TEM00 mode is 72.5 MHz for a thickness of 6.3 mm etalon
at 24oC. As shown in Fig. 2(b), the measured value of FSR is
16.256 GHz by continuously scanning the laser frequency
across a range of 20 GHz, and the spectrum of the Cs D2 line
(F= 4 and F= 3) acts as a frequency ruler. The measured value
is consistent with the expected value of 16.03 GHz in Eq. (2) at
the same temperature.

According to F = FSR/1ν, the actual measurement
finesse is derived to be F = 224, which is less than the value
of Fi = 312, expected according to Eq. (1). We believe that the
loss is caused by the surface defect of the etalon, the imperfect
matching of the wavefront with the surface, and the deviation
of the real reflectivity coefficient from the design value. The
suppression of unwanted modes is about 25 dB, as shown in
the tiny peaks in the blue line in Fig. 2(b). By measuring the
ratio of input and output optical power, it was found that the
on-resonance transmission reaches 55%.

Equation (3) indicates that temperature changes can adjust
the resonant frequency by affecting the refractive index and
cavity length of the etalon. We recorded the shift in resonant
frequency of one mode (transmission peak in Fig. 2) as a func-
tion of temperature, shown in Fig. 3. It shows that the frequency
shifts linearly by 16 GHz from 21.94oC to 28.78◦C, inducing
a slope of dν/dT ≈−2.34 GHz/◦C. Equation (3) allows us to
obtain a theoretical value for dν/dT. Based on the data in Ref.
[23], the thermal expansion coefficient α is 7.1× 10−6/◦C for
BK7 material. The refractive index of n0 is 1.51 for this mate-
rial under 852.1 nm, and the basic temperature is T0 = 20◦C.
The resonant mode used here ν0 is around 351.72 THz. For
temperature tuning from 21.94◦C to 28.78◦C, the averaged
∂n/∂T ≈ 1.34× 10−7/◦C at wavelength (λ) 852.1 nm
based on Eq. (4). Then dν/dT ≈−2.48 GHz/◦C is derived
according to Eq. (3), agreeing with our measured value of
−2.34 GHz/◦C in Fig. 3. We notice that the contribution of
cavity length change to frequency tuning capability is greater
than the refractive index change by two orders of magnitude.
This demonstrates the availability of Eq. (3) and that the laser
can be locked at any frequency in the range of 6.84◦C.

With the help of the PID lock loop (shown in Fig. 1), the laser
frequency can be locked to the transmission peak. To evaluate
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Fig. 3. Temperature tuning of laser frequency of one resonant
mode. The black scattered points are the sampling point data, and the
blue solid line is obtained by linear fitting of the data, with a slope of
−2.34 GHz/◦C.

the short-term behavior of lock loop stability, the error voltage
signals were converted to frequency offset to provide accurate
frequency deviation, as shown in Fig. 4(a). The frequency is
locked to be within approximately ±1.1 MHz (blue line) with
locking to the etalon, with a severe drift of more than 20 MHz
(red line) in the same duration in the free-running status. This
comparison shows that this system has a good short-term
frequency stabilization effect.

To evaluate the laser frequency stability on the long-term
scale, we use a high frequency photodetector and spectrum
analyzer to measure the beat frequency with a stable reference
laser, as shown in Fig. 4(b). The record shows a drift of ∼5 MHz
during over 100 min. Figure 4(c) shows the Allan deviation of
the recorded beat frequency and indicates that the long-term
stability is below 1 MHz. The best stability is 0.15 MHz with an
averaging time of 64 s.

A comparison of laser stability between short term and long
term shows that the long-term frequency drift is severer, which
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Fig. 4. Short-term and long-term stability of etalon resonance
frequency. (a) Laser frequency stability in free-running (red line)
and locked (blue line) status for 145 s. (b) Long-term beat-note
measurement. (c) Allan deviation of the beat frequency data in (b).

is attributed to the temperature drift caused by the poor per-
formance of temperature PID control, mechanical vibration,
and laser polarization fluctuation. The influence of polarization
on resonant frequency can be easily quantified by placing a
half-wave plate in front of the matching lens. The result is shown
in Fig. 5; with the polarization of the beam changing from s to
p polarization, we find the frequency has a shift of ∼58 MHz
and the amplitude has also changed. By replacing the half-wave
plate with a glass plate, it was found that there was no apparent
frequency shift or transmittance change when the glass plate was
rotated.

Regarding the frequency shifts (δν ≈ 58 MHz) of s and p
polarization components, it is considered to be caused by the
birefringence of the etalon [15], which has a subtle difference in
the refractive indices for different polarized lights. According to
the relationship between the resonant frequency and refractive
index of the etalon, |(dν/dn)| = ν0/n, the refractive index
difference δn ≈ 2.5× 10−7 can be derived. With regard to the
amplitude change, we ensure that it arises from the difference
of mode matching for s and p polarization lasers. As shown in
Fig. 5, we found that if the laser polarization is rotated from s to
p polarization, the amplitude of the dominant mode decreases
but the side mode increases.

To assess the influence of polarization fluctuation on laser
frequency shift under a stable experimental condition, we quan-
tified this influence by monitoring the power of the s and p
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Fig. 5. Transmission profile of different polarizations through the
6.3 mm cavity showing a frequency separation of ∼58 MHz between
the resonances for s and p polarizations.

polarization components of the laser before entering the etalon.
In our measurement, s polarization is adjusted to have the
maximum value and p has the minimum value. Their powers
were measured simultaneously for a long time. The polarization
fluctuation is derived by their ratio of approximately ±0.27%.
As the maximum frequency shift caused by polarization rota-
tion is about 58 MHz, shown in Fig. 5, it can be estimated that
frequency fluctuation arising from polarization fluctuation is
about±157 kHz.

4. CONCLUSION

We have demonstrated a low-cost, simple laser frequency lock-
ing system using a temperature dependent F-P etalon. We
measured the parameter characteristics of the F-P etalon and
studied the frequency stability. As a good filter cavity, it has
25 dB suppression for unwanted modes while maintaining
transmission of 55%. With the help of a temperature controller,
the laser can be locked to the F-P etalon at any frequency with
an adjustable frequency resolution of about 2.34 GHz/◦C.
The beat frequency measurement demonstrates a long-term
frequency drift of about 5 MHz, and the long-term stability is
characterized by an Allan deviation at MHz level. Tunability, a
narrow linewidth, and wide FSR make the system a reliable tool,
such as the coupling of microring resonators, laser frequency
stabilization without a reference line, and so on. In addition, the
stability of the locked laser could be further improved via more
accurate temperature control, a more airtight insulation shell,
and optimized locking circuit.
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