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The enhancement of the microcavity quality factor contributes to fundamental linewidth reduction in microcavity
lasers. This study demonstrates silica microrod resonators with quality factors approaching 10°, fabricated by CO; laser
reflow technology. To improve practical applicability, low-loss package techniques were developed, yielding packaged
resonators with optimized optical performance. Using this platform, stimulated Raman lasing was achieved with a pump
mode Q-factor of 1.333x10°, exhibiting a threshold of 0.765 mW. The laser output stability was characterized by a standard
deviation of 0.671 mV over 45 minutes of operation, with corresponding Allan deviation analysis. At the maximum output
power of 106.4 uW, the measured frequency noise spectral density reached 0.46 Hz2/Hz, corresponding to a linewidth of
2.89 Hz. Thermal tuning of the packaged module achieved a wavelength shift of 0.206 nm, with a temperature sensitivity
of 8.92 pm/°C. This work establishes a new technical pathway for developing compact narrow-linewidth lasers, showing
significant potential for medical diagnostics, optical communications, and defense applications.

Keywords: Raman laser, resonator, nonlinear optics, optical elements and devices

PACS: 42.55.—f, 42.60.Da, 42.65.-k, 42.79.—
DOI: 10.1088/1674-1056/adeaSa

1. Introduction

Narrow-linewidth lasers, owing to their low phase noise
and long coherence length, play a critical role in cutting-
edge applications such as coherent optical communication,
quantum communication, precision metrology, gravitational
wave detection, and high-resolution imaging.!'=>! Whispering
gallery mode (WGM) optical microcavities, characterized by
their high quality (Q) factor and small mode volume, have
emerged as ideal optical platforms for realizing low-threshold
and narrow-linewidth lasers.®]

In general, increasing the quality factor of a microcavity
resonator can significantly reduce the Schawlow—Townes (ST)
linewidth of the laser.[”) However, conventional microcavity
lasers typically achieve lasing by integrating specific gain ma-
terials, such as rare-earth ions, organic dyes, or quantum dots,
with silica microresonators. 3111 For instance, in 2003, Vahala

fCorresponding author. E-mail: ydq@bupt.edu.cn
Corresponding author. E-mail: libeibei @iphy.ac.cn
$Corresponding author. E-mail: yuxc@bnu.edu.cn

CSTR: 32038.14.CPB.adea5a

demonstrated laser emission at 1540 nm from a silica micro-
sphere coated with an Er’*-doped sol—gel thin film.["?! Later,
Fan improved the doping process of rare-earth ions in the sol—
gel method, successfully fabricating an Er’*-doped silica mi-
crobubble cavity with a Q-factor as high as 5.2x10”. They
also achieved a tuning range of 4.4 nm through an all-optical
tuning mechanism.[!31 Although this approach enhances the
Q-factor of doped microcavities, it remains at least an order
of magnitude lower than that of undoped counterparts, which
hinders further narrowing of the laser linewidth.

Microcavity lasers based on nonlinear optical effects
offer a promising alternative to.circumvent this-limitation.
Stimulated Raman scattering (SRS) and stimulated Brillouin
scattering (SBS) are representative third-order nonlinear ef-
fects. SRS arises from the interaction between pump pho-
tons and optical phonons, while'SBS involves interactions

(14,15

between pump photons and acoustic phonons. I Com-

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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pared to SBS, SRS generates Stokes light with a larger fre-
quency shift, which helps extend the wavelength range of
existing light sources.['®! To date, researchers have realized
stimulated Brillouin lasers (SBLs) with sub-Hertz fundamen-
tal linewidths in silicon nitride microcavities, '~ silica mi-
crotoroid resonators,'! silica microdisk resonators,?!-22] and
silica microrod resonators.?3! In contrast, narrow-linewidth
stimulated Raman lasers (SRLs) based on high-Q WGM mi-
crocavities have been rarely reported. For example, Lu
achieved a Raman laser with a linewidth of 3 Hz in an SiO,

r.241 Bao demonstrated a Raman laser in

microtoroid resonato
a crystalline AIN-on-sapphire microcavity with a Q-factor of
3.6x10°. This laser exhibited a threshold of 8.3 mW and a
frequency noise of 4.6 Hz?>/Hz, corresponding to a linewidth

of 29 Hz.!>!

2. SRL linewidth theory

The fundamental linewidth of the SRL Avst can be de-

scribed as follows: [24:20]

27 (14 Kp) Kohv?
PQ;

Here, P denotes output power of the SRL, 7 is the reduced

Avst = (1 +(X2)

; )

Planck constant, v is the SRL frequency, and o describes
the phase fluctuation coupled from intra-cavity pump intensity
fluctuation due to the Kerr nonlinearity. Moreover, Qg repre-
sents the intrinsic quality factor of the optical resonance mode
associated with the SRL, while Q. is the coupling-related qual-
ity factor. These parameters satisfy the relation Kp = Qp/ Q.
Equation (1) shows that the fundamental linewidth of the SRL
is inversely proportional to the square of the microcavity Q-
factor, implying that high-Q microcavities enable the genera-
tion of narrow-linewidth SRLs.

2.1. Fabrication

Figure 1(a) shows our automated system for fabricating
silica microrod resonators through CO, laser reflow technol-
ogy. The fabrication process utilizes a high-purity quartz pre-
form rod with a diameter of 3 mm. Prior to processing, the pre-
form rod is sectioned into predetermined lengths and rigidly
mounted on a computer-controlled translational spindle using
a mechanical chuck assembly. The spindle rotates at a con-
stant angular velocity of 600 rpm to ensure uniform surface
heating during laser micromachining. The CO; laser output
power (maximum 75 W) is modulated by pulse-width modu-
lation using an arbitrary function generator (AFG), while the
duty cycle is adjusted through computer control. The laser
beam is then focused through a ZnSe lens onto the preform
rod. In the laser interaction zone, silica undergoes localized
melting and ablation. Under surface tension, the molten mate-
rial redistributes laterally, forming a groove structure. >’ First,

bilateral grooves are fabricated by high-power (70% duty cy-
cle) laser micromachining, constructing the foundational mi-
crocavity structure. Subsequently, the laser power is reduced
to 30% duty cycle, and a stepper motor moves the preform rod
at 2 mm/min, enabling bidirectional laser scanning between
the grooves. This process will create a whispering gallery re-
gion with smooth surface and uniform roundness. 8! Finally,
multiple laser reflow cycles are performed at 20% duty cycle
to achieve both surface quality enhancement and precise geo-
metric control of the microcavity.

o
ZnSe len
== AFG

Computer

Fig. 1. The automated preparation system for silica microrod cavities. AFG:
arbitrary function generator.

Precision
motion
controller

Motor
controller
. Spindle\')

Stepper motor

Microrod

— —_—

Figure 2(a) displays a fabricated silica microrod res-
onator. For optical characterization of the resonator, we sta-
tistically analyzed the quality-factor distribution of resonant
modes within one free spectral range (FSR). As shown in
Fig. 2(b), 21 resonant modes possess Q-factors above 10,
with the highest Q-factor reaching 2.3 x 10°. Furthermore, uti-
lizing these optimized processing parameters in the automated
fabrication setup enables reproducible production of microrod
resonators with ultrahigh Q-factors.

200

(a) " (b)

150

100

|’ 50
‘ ] 1= 0

Fig. 2. Characterization of the microrod resonator: (a) optical microscope
image of the microrod resonator, (b) Q-factor distribution of resonant modes
within one FSR of the microrod resonator.
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8,485 4 2 g1 1
0 04 08 12 16 20 24
Quality factor (10)

Despite their excellent optical performance, the practi-
cal application of microrod resonators faces significant chal-
lenges, including intricate coupling requirements, high sensi-
tivity to environmental disturbances, and limited operational
stability over extended periods. To address these issues, we de-
veloped a miniaturized and environmentally stable packaged
resonator module. As illustrated in Fig. 3(a), the module fea-
tures a dual-layer aluminum alloy architecture comprising in-
ner and outer enclosures. The microrod resonator is fixed at

124203-2
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the central groove of the inner enclosure using UV-curable ad-
hesive. The fiber taper, which couples to the microrod res-
onator, is also secured to the sidewalls of both the inner and
outer enclosures using low-loss UV-curable adhesive. The
thermal control system consists of a thermistor and a thermo-
electric cooler (TEC). The gap between the inner and outer
enclosure is filled with thermal conductive silicone, which en-
hances the mechanical stability of the module and facilitates
efficient thermal transfer between the TEC and the inner en-
closure. To further isolate the resonator from the external en-
vironment, the gaps between the sidewalls and the lid of the

outer enclosure were sealed with UV-curable adhesive.

Outer
enclosure

Package
module

Inner
(a) enclosure

Microrod ]
resonator
Fiber '
taper 1aa

8

Thermistor 3

TEC 1
L)

=}

'% 2.0

E . (c)

z ”91.57........
g =

_*; % 1.0

[

S &

= o 0.5

=] — Beforepackage

5 o — After package o0l ) ) )

Z =10 —-05 0 0.5 1.0 2 4 6 8 10

Frequency (MHz) Time (day)

Fig. 3. Package module and performance characterization: (a) structural dia-
gram of package module, (b) transmission spectrum of the same mode before
and after packaging, (c) the Q-factor stability within 10 days.

Figure 3(b) presents the transmission spectrum of the
same resonant mode acquired before and after packaging un-
der the identical frequency-scanning rate. Prior to packag-
ing, the resonant mode exhibited a narrower linewidth, along
with an observable ringdown effect. To ensure accurate Q-
factor measurements, the scanning speed was reduced to sup-
(291 yielding a calculated Q-factor
of 1.507x10°. After packaging, the mode’s linewidth broad-

ened, and the ringdown phenomenon disappeared, resulting in

press the ringdown effect,

a measured Q-factor of 1.445x 10°. These results demonstrate
that despite introducing additional optical losses during pack-
aging, the encapsulated module retains a high Q-factor. The
variation of the Q-factor in the packaged module over a 10-
day period was measured, as shown in Fig. 3(c). A noticeable
reduction in the Q-factor was observed on the second day af-
ter packaging, attributed to the adsorption of water molecules
from ambient air onto the silica microcavity surface, which
increased optical dissipation.*°l Thereafter, the Q-factor sta-
bilized, suggesting that the surface hydroxyl group may have
reached saturation, allowing the packaged module to maintain
a relatively stable Q-factor in the subsequent days.

2.2. Experiment

Figure 4 illustrates the experimental setup for SRL gen-
eration and characterization based on the packaged microrod
resonator. The transmission signal from the microrod res-
onator is monitored by oscilloscope (OSC1) and fed back
to a servo to achieve laser frequency locking.l*'l A Raman
wavelength-division multiplexer (RWDM) separates and out-
puts laser signals at 1450 nm, 1550 nm, and 1660 nm, thereby
extracting the purified SRL. The single-sideband (SSB) fre-
quency noise of the SRL is measured using the self-heterodyne
method.?>*] The generated SRL is first directed into an
acousto-optic modulator (AOM, Brimrose), which splits the
beam into two paths: the Oth-order light enters a 10-km fiber
delay line, while the 1st-order light (55-MHz frequency shift)
passes through a polarization controller. The two beams are
then recombined at a coupler and detected by a photodetec-
tor to generate a beat signal, which is recorded by a digital
oscilloscope (OSC2). The recorded beat signal is processed
via Hilbert transform (HT), fast Fourier transform (FFT), and
compensation algorithms to retrieve the single-sideband (SSB)
frequency noise power spectral density (PSD) of the SRL.[33]
Typically, the frequency noise PSD comprises 1/ f noise at low
offset frequencies and white noise at higher frequencies.®! In
the low-frequency region, the noise power decreases with in-
creasing offset frequency, while in the high-frequency region,
it flattens out, exhibiting white-noise behavior. Assuming the
observed white noise level in the high-frequency region is §,,
the laser linewidth Av can be approximated as Av = 2xS,,.

PD1
Servo OSC1 1 /L OSA

VOA _PC RWDM

[~ awgHiss0 - —T8 S W

PMR

Laser

Linewidth measurement Delay fiber

AOM
Oth ——

\4 ¢ Sh G(f) 45
By T i TRy AR

Fig. 4. Experimental setup, AWG: arbitrary waveform generator; OSC: oscil-
loscope; VOA: variable optical attenuator; PC: polarization controller; PMR:
packaged microrod resonator; OSA: optical spectrum analyzer; RWDM: Ra-
man wavelength division multiplexer; AOM: acoustic-optic modulator; PD:
photodetector; HT: Hilbert transform; FFT: fast Fourier transform; G(f):
compensation function.

S

As illustrated in Fig. 5(a), the packaged module was char-
acterized using a Mach—Zehnder interferometer (MZI) with a
14.551-MHz FSR, yielding an intrinsic Q-factor of 1.333x10°
for the pump: mode. The optical spectrum of the SRL is
shown in Fig. 5(b). The pump laser exhibited a center wave-

length of 1552.644 nm, while the SRL emission was centered
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at 1646.932 nm, corresponding to a Stokes shift of approxi-
mately 11.06 THz. Additionally, multiple sideband peaks with
a frequency spacing of 17.2 GHz were observed near the pump
laser, originating from four-wave mixing (FWM) effect.
Figure 5(c) demonstrates the dependence of the SRL out-
put power on the pump power, with the latter controlled by
a variable optical attenuator (VOA). A fit to the data reveals
the threshold power of approximately 0.765 mW. To evaluate
the output stability, the SRL was directed into the photodetec-
tor, which converted the optical signal into an electrical out-

put signal. This output signal was continuously monitored for
45 minutes using a data acquisition card at a sampling rate of
10 Hz. The top panel of Fig. 5(d) shows the recorded output
signal, with a calculated standard deviation of 0.671 mV. The
Allan variance of the laser output is also shown in the bottom
panel of Fig. 5(d). The Allan variance of the SRL output sig-
nal is relatively small, exhibiting values on the order of 107>
over short timescales (< 1 min), and approximately 10! over

longer timescales (1 min to 10 min).
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Fig. 5. Characterization of Raman laser. (a) Transmission measurement of the pump mode. (b) Optical spectra of SRL. (c) SRL power versus pump
power. (d) SRL output signal (top) and Allan variance (bottom). (e) SSB frequency noise spectra of SRL at different powers. (f) Fundamental linewidth

of SRL with different powers.

Additionally, we measured the frequency noise of the
SRL under different output power conditions. Figure 5(e)
characterizes the SSB frequency noise PSD of the SRL, where
the plateau region at higher offset frequencies corresponds to
the white noise. The observed white noise level exhibits re-
duction with increasing laser output power. When the SRL
reaches its maximum output power of 106.4 uW, the aver-
age white noise level observed is approximately 0.46 Hz>/Hz,
corresponding to a minimum laser linewidth of 2.89 Hz. Fig-
ure 5(f) illustrates the variation of the SRL linewidth as a func-
tion of output power. The fitting results demonstrate an inverse
relationship between fundamental linewidth and output power,
in good agreement with Eq. (1).

Thermal tuning is one of the primary methods for tun-
ing WGM microresonator lasers due to its excellent reversibil-
ity and wide tuning range. The fundamental principle is that
changes in the ambient temperature surrounding the resonator
cause variations in both the cavity’s physical dimensions and
the refractive index of the material, resulting in a shift in the

resonant wavelength. In a WGM microcavity, the temperature

dependence of the resonant wavelength can be expressed as

da

ﬁ:&)(a—i—ﬁ), @

Here, Ao denotes the initial resonant wavelength, o is the
thermo-optic coefficient, and 3 represents the thermal expan-
sion coefficient. Since silica has both a positive thermo-optic
coefficient and a positive thermal expansion coefficient, the
resonant modes of the silica resonator will shift toward longer
wavelengths as the temperature increases. 738!

During the experiment, the target temperature was set us-
ing a TEC temperature controller, forming a closed-loop feed-
back system with a high-sensitivity thermistor and the TEC
to precisely regulate the temperature of the packaged module,
as shown in Fig.-6. In the thermal tuning experiment of the
SRL, the temperature of the packaged module was sequen-
tially set to nine values: 17.6 °C, 21.2 °C, 24.4 °C, 27.1 °C,
3044 °C, 32.8 °C, 35.5°C, 38.1 °C, and 40.6 °C. As the tem-
perature increased, the resonant modes of the resonator ex-
hibited a redshift, requiring real-time adjustment of the bias
voltage of the sweep signal to track the shifted resonance. The
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successful reappearance of a stable Raman laser signal on the
optical spectrum analyzer (OSA) confirmed the completion of
laser tuning. Figure 6(a) shows the output wavelength of the
pump laser tuned at different temperatures, while figure 6(b)
presents the corresponding SRL excited by the pump. Experi-
mental results show that, as the module temperature increased
from 17.6 °C to 40.6 °C, the laser wavelength was contin-
uously tuned over a range of 0.206 nm, corresponding to a
wavelength—temperature tuning coefficient of 8.92 pm/°C.

—~ 1552.8 T T T _le4r.l T T T T T
g ® Measurement (a) g e Measurement (b)
; —— Fitting & — Fitting

o 1552.7 ?D 1647.0

o} g

° 2

: :

z 1552.6 g 1646.9

o
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15 20 25 30 35 40 45
Temperature (°C)

Fig. 6. Experimental results of thermal tuning: (a) pump wavelength at differ-
ent temperatures, (b) variation of SRL wavelength with respect to temperature.

3. Conclusion

This study demonstrates a tunable narrow-linewidth Ra-
man laser based on a packaged high-Q silica microrod res-
onator. The linewidth of this Raman laser can be narrowed
to 2.89 Hz, surpassing the previous 3-Hz record linewidth
demonstrated in Ref. [24]. Furthermore, the microcavity-fiber
taper coupling system presented in Ref. [24] was exposed to
ambient air, making it susceptible to degradation from wa-
ter molecules, contaminants, and external disturbances, which
can adversely affect the resonator’s Q-factor and laser out-
put stability.3°! In contrast, we have incorporated a low-loss
packaging technique. This approach consolidates the bulky
fiber-coupling setup into a compact and robust enclosure for
practical deployment, while simultaneously isolating the sys-
tem from the external environment. The packaged module
maintains a Q-factor on the order of 10° over a 10-day pe-
riod. An integrated temperature control system stabilizes the
resonator’s ambient temperature to ensure stable laser output
and enables wavelength tunability. The laser demonstrated
high stability with an output standard deviation of 0.671 mV
over 45 minutes and the continuous wavelength tuning of
approximately 0.206 nm. Additionally, compared to micro-
toroid resonators used in Ref. [24], microrod resonators ex-
hibit a simpler fabrication process and lower cost. Signifi-
cantly, the Raman laser enables access to the underutilized U-
band (1625 nm-1675 nm). This facilitates coexistence with
C+L-band systems, thereby expanding optical fiber capac-
ity without infrastructure modification. Furthermore, with its
linewidth on the order of Hertz, the laser suppresses phase
noise versus commercial DFB lasers, permitting higher order
quadrature amplitude modulation for single-channel bitrate
enhancement.[**#!] The narrow-linewidth laser is promising

for high-precision gas sensing like acetylene (C,H,) moni-
toring, as its high spectral purity resolves closely spaced ab-
sorption lines.*>*3 In conclusion, the Raman laser combines
low cost, narrow linewidth, high stability, and tunability, of-
fering application potential in diverse fields such as precision
metrology, optical communications, quantum optics, and high-
resolution sensing.
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