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Mode locking can be effectively achieved by using the thermo-optic effects in the whispering gallery mode (WGM)
optical microcavity, without the help of external equipment. Therefore, it has the advantages of small size, low integration
costs, and self-locking, which shows great potential for application. However, the conventional single-channel microcavity
thermal-locking method that relies solely on internal thermal balance will inevitably be disturbed by the external envi-
ronment. This limitation affects the locking time and stability. Therefore, in this paper, we propose a new method for
closed-loop thermal locking of a dual-channel microcavity. The thermal locking of the signal laser and the thermal regu-
lation of the control laser are carried out respectively by synchronously drawing a dual-path tapered fiber. The theoretical
model of the thermal dynamics of the dual-channel microcavity system is established, and the influence of the control-laser
power on the thermal locking of the signal laser is confirmed. The deviation between the locking voltage of the signal laser
and the set point value is used as a closed-loop feedback parameter to achieve long-term and highly stable mode locking
of the signal laser. The results show that in the 2.63 h thermal-locking test, the locking stability is an order of magnitude
higher than that of the single tapered fiber. This solution addresses the issue of thermal locking being disrupted by the
external environment, and offers new possibilities for important applications such as spectroscopy and micro-optical sensor

devices.

Keywords: optical microcavity, thermo-optic locking, thermal nonlinearity effect
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1. Introduction

Whispering gallery mode (WGM) optical microcavities!!!
have the characteristics of a high quality factor (Q) and
a small mode volume, which can greatly enhance the
interaction between light and matter. They are widely
used in high-sensitivity sensing,>*! nonlinear optics,>8]

9-11]

microlasers, ! cavity optomechanics,!">"13! and quantum

[16] Noteworthy in these applications is the pre-

information.
cise wavelength matching between the signal laser and the
microcavity resonance, necessitating a stable level of detun-
ing between them. Methods to solve this problem include
actively locking the signal-laser wavelength to the micro-
cavity resonance (e.g., Pound-Drever—Hall technology!!’l)
or tuning the resonance of the resonator itself to match the
signal-laser wavelength (commonly used microcavity thermal-

[181) " PDH locking technology is widely

locking technology
used due to its high-precision frequency locking. Compared
with PDH locking technology, micro-cavity thermal locking
does not need to add other equipment, and has the advantages
of simple structure, good flexibility and convenient opera-
tion. When the signal-laser wavelength is located in the blue
detuning region of the microcavity resonance, the mode ther-
mal locking can be realized using the broadened resonance

peak in the bistable effects. This active locking method has

fCorresponding author. E-mail: liuwenyao@nuc.edu.cn
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good stability and great potential in high-precision sensing
and information-detection applications.

Carmon et al. were the first to focus on thermal effects
within microcavities, establishing a thermodynamic model for
microcavities and explaining the bistable behavior observed
in microcavities over timescales. They demonstrated the ex-
istence of a stable state within the broadened resonance peak
in the blue detuned region, both theoretically and experimen-
tally. This state effectively maintained the signal-laser wave-
length within the resonance peak, achieving mode locking.
However, this method was susceptible to environmental distur-
bances, which hindered long-term stability.['8! Subsequently,
Carmon et al. proposed a locking method using signal-laser
power as a feedback control parameter, thereby reducing the
number of components compared to PDH locking techniques.
This method achieves self-stabilization through thermal equi-
librium and introduces closed-loop feedback. However, the
strength of the feedback was determined by the power of the
signal laser, which limited the stability of thermal locking.[!"]
Li et al. conducted a theoretical analysis of frequency fluc-
tuations in microcavities under thermal-optic locking con-
ditions and experimentally measured the corresponding fre-
quency fluctuation spectrum. They found that locking relative
frequency fluctuations led to temperature fluctuations within
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the microcavity, transferring frequency noise onto the cavity’s
locking mode. However, this did not improve thermal-locking
time or stability.[*"! Zhang et al. established a thermodynamic
model using simulation and experimentation, by considering
parameters such as microcavity size, scanning speed, and the
impact of laser power on microcavity structure. They devel-
oped a locking device that is induced by thermal effects, by
adjusting internal parameters to increase the locking time to
1.1 h. However, the device remained susceptible to external
environmental interference.l?!! Similarly, Agarwal et al. uti-
lized a broadened resonance peak to lock the resonator in a
specific mode. Under high-power signal lasers, the resonator
self-tunes to a fixed wavelength despite environmental tem-
perature changes. However, under low-power lasers, the res-
onator was prone to losing lock.??) The challenge of achiev-
ing long-term and highly stable thermal locking, impervious to
environmental disturbances, without adding additional equip-
ment, remains a significant hurdle.

In this paper, we propose a novel approach, the dual-
channel microcavity closed-loop thermal-locking system. We
extended the classical single-path microcavity thermal dy-
namic model by introducing the influence of control-laser
power on the thermal-locking mode of the signal laser. By
leveraging the thermo-optic effects of the control laser on the
microcavity, we have enhanced the locking time and stability
of the signal laser. Additionally, we have innovatively intro-
duced a synchronized dual-path tapered optical fiber fabrica-
tion process, which allows precise control of the diameters of
the dual tapered regions and the spacing between them. This
enables simultaneous coupling with a single microsphere cav-
ity, enabling both paths to concurrently excite high optical Q-
factor whispering gallery modes (WGM). This method sepa-
rates the thermal locking of the signal laser from the thermal
modulation of the control laser, providing a new approach to
improve the duration and stability of thermal locking.

2. Theoretical model

Based on the classical resonant cavity thermal tuning the-
ory, an extension is made to the single-channel microresonator
thermal dynamics model by introducing an additional control
laser. Both the signal and control lasers utilize a thermal-
locking method to fix their respective wavelengths. By ad-
justing the power of the control laser, the temperature of the
microresonator changes, which in turn regulates the thermal
locking of the signal laser. Ultimately, this establishes a dual-
channel microresonator thermal-locking system. The resonant
wavelength depends on the refractive index (n) and the diam-
eter (D) of the microsphere cavity. The change in the resonant

wavelength of a silica microsphere due to temperature can be

expressed as follows: >3]
1 dn 1dD
(AT) A{)(ndT toar ) AooAT, (1)

where A is the resonant wavelength of the cold microsphere
cavity. Here, dn/dT and dD/dT are the thermo-optic coef-
ficient and thermal expansion coefficient of the microsphere
cavity. We define o as the temperature coefficient for silica
material, which includes both thermal expansion and thermo-
optic effects. For wavelengths near A9 = 1550 nm, the tem-
perature coefficient o = 6 x 1076 K~! for silica.’**! Conse-
quently, we can express the resonant wavelength A, as a func-
tion of temperature using the following equation:

A(AT) = Ao+ AA(AT) = Ag(1 + alAT). )

The heat introduced into the microsphere cavity by the laser
consists of four components: (i) laser power (1), (ii) optical
coupling efficiency (1), (iii) the effect of laser absorption on
the resonant cavity, and (iv) the deviation between the laser
wavelength (4;) and the microsphere cavity’s resonant wave-
length (A;). Thus, the thermal energy entering the cavity due

to the laser is described by the following equation:!!8]

. 0 1
in = 1
1 nQabs A,l—lr 2 |
(55) +

1
.y , 3
"M do(1+ aAT) 1 )

( 512 )*

where 81 is the resonance bandwidth, Q is the optical qual-
ity factor of the microsphere cavity, and Qg is the qual-
ity factor resulting from absorption losses within the micro-
sphere cavity. To simplify the equation and facilitate the dis-
cussion on specific parameters influencing the temperature of
the cavity, we define the power heating the cavity by the laser
as Iy = INQ/Qaps. Additionally, we utilize the temperature-
dependent expression for the resonant wavelength A, as de-
scribed in Eq. (2).

Based on the law of conservation of energy, the tempera-
ture change AT in the microsphere cavity caused by the laser is
determined by the difference between the incoming heat (gj,)
and the outgoing heat (gout)

CpAT(t) = gin — Jout
1

Iy 5
<M—AM1+aAU> O
512

where C, is the equivalent heat capacity (J- K1) of the

—KAT (1), 4)

mode volume, and K is the equivalent thermal conductivity
(W-m~1.K~!) between the optical mode volume and the rest
of the spherical cavity.

According to Eq. (4), we obtained the laser transmission
spectrum influenced by the opto-thermal effects. As the laser
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shifts towards longer wavelengths, the resonance peak broad-
ens. Conversely, as the laser moves towards shorter wave-
lengths, the resonance peak compresses, resulting in a thermal
bistable phenomenon, as illustrated in Fig. 1(a). Subsequently,
by adjusting the laser’s scanning speed and range, mode lock-
ing can be achieved within a single scanning cycle, build-
ing upon the bistable effect, as shown in Fig. 1(b). Follow-
ing thermal locking, alterations in the external environmen-
tal temperature can affect the thermal-locking performance of
the microcavity, particularly impacting the locking time and
stability. The dual-channel microcavity closed-loop thermal-
locking system couples an additional control laser with the
conventional single-path signal laser. Both the signal laser
and control laser utilize the thermal-locking method to stabi-
lize their wavelengths around the resonant wavelength. By
modulating the power of the control laser, changes in the mi-
crosphere’s temperature are induced, thereby regulating and
optimizing the thermal locking of the signal laser.
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Fig. 1. (a) The bistable response curve (blue) during laser wavelength
scanning (red). (b) Achieving mode locking (blue) throughout the entire
scanning cycle (red) using thermal nonlinearity effects.

Thus, we have derived the thermodynamic equations
for the dual-channel microcavity closed-loop thermal-locking
system associated with the control-laser power /Iy:

CpsATS(I):Ihs 15—214— B ]—KSATS(I),
si2 ) "
CoelTo(t) = by — KAL), O
</1c3¢> +1
542
M(AT:) = Ao (1 + aAT:),

where Cps and Gy are the equivalent heat capacities of the sig-
nal laser and control laser’s respective mode volumes. Here,
AT; and AT are the temperature changes induced by the sig-
nal laser and control laser in the microcavity; As and A, are the
wavelengths of the signal laser and control laser, respectively;
Iy and I are the powers of the signal laser and control laser.
Currently, the system is in a locked state, where A¢ and A, are
fixed. We can change the control-laser power (I} ) to adjust the
microsphere cavity temperature (A7;), and consequently alter

the resonance wavelength (A;) of the microsphere cavity. Ulti-
mately, this achieves modulation of the thermal locking of the
signal laser by the control laser.

Based on the aforementioned theoretical model, the rela-
tionship between the maximum equivalent temperature change
(AT) of the microcavity and the power of the control laser can
be determined, as shown in Fig. 2. When the laser power is
less than 1 mW, the maximum temperature change in the mi-
crocavity is approximately 0.11 K, while at 10 mW, the max-
imum temperature change in the microcavity is about 11 K.
Therefore, when the signal-laser power is set to 1 mW and the
control-laser power is set to 10 mW, the temperature change in
the microcavity caused by the signal laser is only one percent
of that caused by the control laser. At this point, the tem-
perature change in the microcavity caused by the signal laser
can be considered negligible while adjusting the thermal lock-
ing of the signal laser by modifying the power of the control
laser. Additionally, when the power exceeds 7 mW, there is a
linear correlation between the microcavity’s temperature vari-
ation and the power. The resonant position of the signal laser’s
thermal-locking mode follows a linear variation, as described
by Eq. (5). This provides theoretical guidance for selecting
the power levels of both the signal and control lasers in exper-
imental setups.
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Fig. 2. The relationship between the maximum equivalent temperature
change in the microcavity and the control-laser power. The inset indi-
cates that when the laser power is less than 1 mW, the maximum tem-
perature change in the microsphere cavity is approximately 0.11 K. The
parameters used for the fit are 7 = 0.8, A9 = 1548.23 nm, 0 = 4 x 107,
Qubs =2 x 10'°, and AL = —0.065 nm.

3. Device fabrication and experimental setup

The traditional tapered-fiber coupling system involves in-
jecting the signal laser into the microsphere through one ta-
pered fiber. We augmented this setup by introducing an-
other tapered fiber to couple the control laser, thereby creat-
ing a dual-channel microcavity coupling system, as depicted
in Fig. 3(a).
sphere, it is essential to ensure that the diameters of two ta-

To achieve optimal coupling with the micro-
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pered fibers are approximately equal. Additionally, if the sep-
aration between the tapers is too large (exceeding the diame-
ter of the microsphere cavity), simultaneous coupling with the
microsphere becomes impossible. Conversely, if the separa-
tion is too small, it might lead to mutual interference between
the optical modes of the two lasers. Consequently, achieving
simultaneous excitation of high optical Q-factor WGMs in a
dual-channel microcavity system poses challenges, necessitat-
ing precise control over the diameters and separation of the
two tapered regions.

(2) Signal laser

Control laser Microcavity

(b)
Coating
= V= A, Core
e ; ! .
~ T First bonding = Cladding
ICon‘crollable gap
L——t . | UV adhesive

e ——
[y

r'd
Second bonding

Simultaneous tapering

: 1 _—

&

T Microfiber gap' V. j

Fig. 3. (a) A dual-path tapered optical fiber coupled with a microsphere
cavity. (b) The fabrication method of the dual-path tapered optical fibers.

To address this, we propose a fabrication process for dual-
path tapered optical fibers, as illustrated in Fig. 3(b). Initially,
the coating layer is removed from two single-mode optical
fibers (core/cladding 9/125 um). UV adhesive is then used
to bond the coating at both ends of the cladding in parallel,
shaping them preliminarily. Subsequently, a second bonding
procedure is performed at the edges of the cladding, during
which opposing forces are applied to precisely control the dis-
tance between the cladding layers of the two optical fibers.
Finally, by employing a hydrogen—oxygen flame, both optical
fibers are simultaneously heated, resulting in a one-time draw-
ing of tapered regions with diameters of 1 pm-3 pm and a
pitch of 70 pm-90 um. Real-time monitoring of the spacing
and transmission of the dual-path tapered optical fibers is con-
ducted throughout the entire preparation process using a CCD
and a host computer to ensure precise control over their diam-
eters and modes. Additionally, to fabricate quartz microsphere
resonators with a high optical Q-factor and match them with
the dual-path tapered fibers, we utilized a CO; laser to melt
quartz single-mode fibers at high temperatures. Control over
the diameters and sphere-to-stem ratios of the microspheres

could be easily managed by regulating the laser power and fo-
cal length.

The experimental setup is illustrated in Fig. 4. A tun-
able laser (TOPTICA CTL-1550) with a linewidth of 10 kHz
serves as the pump laser. The wavelength is linearly scanned
using a triangular waveform generated by a function signal
generator (GWINSTEK AFG-2225). The output laser is am-
plified through an isolator and an erbium-doped fiber amplifier
(Thorlabs EDFA100S). It is then split into two paths using a
1 x 2 splitter (Thorlabs PFC 1550 F) to create the signal laser
and the control laser. Both laser paths are connected to an
acousto-optic modulator (G-1550-40-L-B-T-AA-A-T-L) and
an attenuator (VOAS0PM-APC) to fine-tune the wavelength
and power. These paths are coupled into a microsphere cavity
via dual-path tapered optical fibers, where the coupling posi-
tion is monitored by a CCD camera (SANQTD TD-508 A),
and the output power is measured by an optical power meter
with a probe (Thorlabs S155 C). Two independent polariza-
tion controllers are used to adjust the polarization and achieve
optimal coupling strength. The output optical signals from the
two paths are detected by two photodetectors (PD Thorlabs
DET 08 CFC) and monitored using an oscilloscope (Tektronix
MSO 64) to observe the transmission spectrum of both paths.
We use the deviation between the locked voltage of the signal
laser and its setpoint as feedback parameters, inputting them
into AOM-1 in the control path. The PID automatic feedback
adjusts the input current of AOM-1, regulating the power of
the control laser in real time.

Correction PC1
IAOM-1HVOA-| e
ILeser 150 EDFA l I
1550 nm BS PC-2
T o Hvon -O0
[AAJo >
0000
Function generator PID
Intensity setpoint [ Controller l I
—_—
J Dual-channel microcavity
D1
o (PD-.
m g 1 — Control laser
o * D-;

Oscilloscope Signal laser

Fig. 4. A schematic of the experimental setup. ISO: isolator, PC: polar-
ization controller, EDFA: erbium-doped fiber amplifier, AOM: acousto-
optic modulator, CCD: CCD camera, BS: beam splitter, VOA: vari-
able optical attenuator, PD: photodetector, PID: proportional-integral-
derivative. The inset comprises a top view and a side view of the cou-
pling between dual-path tapered optical fibers and a microsphere cavity
under electron microscopy. The microsphere diameter is 300 pm, and the
separation between the dual tapered regions is 75 pum.

4. Results and discussion

In the experiment, we set the output power of the sig-
nal laser to | mW and the output power of the control laser
to 10 mW. We first set the laser’s rapid wavelength scanning
parameters. The scanning voltage of the laser is 10 V, and the
scanning frequency is 10 Hz. By using an oscilloscope, we can
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observe the optical modes of the two lasers in real time and ob-
tain the transmission spectra of the signal laser and the control
laser. The transmission spectra of the two lasers are differ-
ent, as shown in Fig. 5(a), indicating that the optical modes
are isolated. Figures 5(c) and 5(e) are local enlargements of
Fig. 5(a). We adjusted the scanning range of the laser and se-
lected the resonant wavelength with a higher optical Q factor,
reducing the scanning frequency of the laser. The scanning
voltage of the laser is 10 V, and the scanning frequency is
1 Hz. During this scanning cycle, the accumulation of ther-
mal effects achieves mode locking of the signal laser and the

control laser, as shown in Fig. 5(b). Finally, the laser stopped
scanning, and the signal laser and control laser were individu-
ally locked near the microsphere cavity resonance wavelength,
as shown in Figs. 5(d) and 5(f). The yellow point in Fig. 5(c)
represents the locking position of the control laser in the spec-
trum, while the green point in Fig. 5(d) represents the locking
position of the signal laser in the spectrum. In the experiment,
the microsphere cavity radius was 150 pum, the Q factor of the
control optical path was 4.17 x 107, and the Q factor of the
signal optical path was 2.79 x 107,

150 : 150
Control laser Signal laser (b) Control laser Signal laser
Y 500 500
120 | 120
/>: : 400 />: 400
=i =]
= 90 | > 90
5 | 300 %: 300
2 I 2
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Fig. 5. (a) The transmission spectrum of the signal laser and the control laser demonstrates the isolation of their optical modes. (b) Achieved
mode-locking of the signal laser and the control laser throughout the scanning cycle using thermal nonlinearity effects. The scanning voltage of the
laser is 10 V, and the scanning frequency is 1 Hz. (c) A close-up of the transmission spectrum during the rapid scanning of the control laser in (a),
with the yellow dot indicating the locked position of the control laser in the spectrum. (d) The laser stopped scanning. The decrease in the power of
the control laser, resulting in a decrease in voltage amplitude. (e) A close-up of the transmission spectrum during the rapid scanning of the signal
laser in (a), with the green dot indicating the locked position of the signal laser in the spectrum. (f) The laser stopped scanning. The decrease in
the control-laser power results in a shift in the thermal-locking position of the signal laser. This shift reflected a complete transmission spectrum,
which corresponds to one transmission spectrum during rapid scanning of the signal laser.

At this time, both the signal laser and the control laser
are locked. We systematically decrease the power of the con-

trol laser in a linear manner to reduce the number of photons

absorbed by the microsphere cavity. Consequently, the tem-
perature of the microcavity decreases linearly, as described

by Eq. (5), resulting in a linear decrease in the resonance
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wavelength of the microcavity, and causing a blue shift in the
resonance wavelength. In this phase, the wavelength of the
signal laser remains fixed while the resonance wavelength of
the microsphere cavity undergoes a blue shift, equivalent to
a red shift of the signal-laser wavelength within the blue de-
tuning region. This process effectively reconstructs the com-
plete transmission spectrum of the signal laser, as illustrated
in Fig. 5(f). It corresponds to one of the transmission spec-
tra during rapid scanning, as depicted in Fig. 5(e). The al-
terations in the signal laser’s transmission due to variations in
the microcavity’s resonance wavelength correspond well to the
transmission spectrum observed during rapid scanning. Their
resonance depths exhibit consistency. In this experiment, the
tuning range of the control laser in the signal laser’s thermal-
locking mode is 2.85 x 10° Hz, with a tuning sensitivity of
1.58 x 107 Hz/mW.

We also measured the response time of the thermal-
locking mode of the signal laser modulated by the control
laser, as shown in Fig. 6. At this time, both the signal laser
and the control laser are locked. The control laser was mod-
ulated using a LiNbO3 intensity modulator (LN81S-FC) with
a square wave voltage at 2 Hz. The measured rise time was
4.8 milliseconds, and the fall time was 3.96 milliseconds. By
employing microspheres with smaller dimensions, the thermal
conduction time within the microsphere cavity can be acceler-
ated, leading to further improvement in response speed.

them into AOM-1 in the control path. The PID automatic feed-
back adjusts the input current of AOM-1, regulating the power
of the control laser in real time, thereby aligning the signal
laser to its resonance nadir. In the experiment, the power of the
signal laser in the dual-channel microresonator coupled sys-
tem was set to 1 mW, while the power of the control laser was
set to 0 mW and 10 mW, corresponding to Figs. 7(a) and 7(b),
respectively. The results indicate that, under the same coupling
conditions and external environment, the addition of closed-
loop feedback (with the control laser power set at 10 mW)
increased the locking duration of the signal laser from 0.44 h
to 2.63 h, compared to the traditional single-channel thermal
locking of the signal laser (with the control-laser power set at
0 mW). Furthermore, the maximum voltage amplitude varia-
tion decreases from 6 mV to 0.5 mV, demonstrating a twelve-
fold increase in stability.
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Fig. 6. The response time of the signal laser’s thermal-locking position
variation caused by changes in the power of the control laser. (a) The
thermal-locking position variation diagram for the control laser and the

signal laser. (b) The falling edge. (c) The rising edge.

We use the deviation between the locked voltage of the
signal laser and its setpoint as feedback parameters, inputting
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Fig. 7. (a) Traditional single-channel thermal locking of the signal laser.
(b) Thermal locking of the signal laser in a dual-channel microcavity with
closed-loop feedback.

5. Conclusion and perspectives

In summary, microcavity thermal locking offers advan-
tages such as a simple structures and convenient operation. It
has found widespread application in establishing stable fre-
quency detuning between external lasers and microcavities.
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However, the thermal equilibrium of thermal locking is sus-
ceptible to external environmental disturbances, which lim-
its its locking time and stability. In this paper, we propose
a novel dual-channel microcavity closed-loop thermal-locking
method. By employing synchronized dual-path tapered optical
fibers, the thermal locking of the signal laser and the thermal
modulation of the control laser are separated. We establish
a thermodynamic theoretical model for the dual-channel mi-
crocavity system and verify the influence of the control-laser
power on the thermal locking of the signal laser. The tun-
ing range of the control laser in the thermal-locking mode of
the signal laser is 2.85 x 10° Hz, with a tuning sensitivity of
1.58 x 107 Hz/mW. Using the deviation between the voltage
of the signal laser’s locking point and the setpoint as feedback
parameters, PID automatic feedback adjustment controls the
power of the control laser, achieving long-term and highly sta-
ble mode locking of the signal laser. The results indicate that
compared to thermal locking with a single-path tapered optical
fiber, the locking time of the signal laser has increased from
0.44 h to 2.63 h, improving stability by an order of magni-
tude. Importantly, this method does not require adjustment of
the power of the signal laser, making it applicable across var-
ious signal-laser power levels. This new approach addresses
the issue of thermal locking, which is susceptible to environ-
mental interferences, providing a new avenue for laser tuning,
and has significant potential for high-precision sensing and
information-detection applications.
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