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Abstract： Highly matched and precisely locked to the absorption lines of rubidium （Rb） atoms， 780 nm lasers 
play a crucial role in fields such as quantum computing， precision measurements， and high-sensitivity sensing， 
with clear requirements for strong coherence and fast tunability.  In this paper， based on the self-injection locking 
and ultra-high quality factor whispering gallery mode （WGM） cavity， a 780 nm narrow linewidth （23. 8 kHz） 
tunable laser with a single longitudinal mode output is verified.  More importantly， benefiting from the optimized 
combined coupling coefficient K and via the lithium niobate electro-optic effect， the laser frequency detuning is ef⁃
fectively improved， with the experimental tuning range reaching 110 pm and the tuning efficiency of 6. 4 pm/V.  
This work provides a high-performance design solution for fast-tunable narrow-linewidth lasers for applications in 
the near-infrared range， which is expected to play an essential role in the future.

Key words： rubidium， whispering gallery mode， lithium niobate， self-injection locking， wavelength tunability

强耦合电光可调谐 780nm 超窄线宽激光源
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摘要：780 nm激光器频率可以高度匹配并精确锁定到铷（Rb）原子吸收线上，对强相干性和快速可调谐性有着

明确的要求，从而在量子计算、精密测量和高灵敏度传感等领域起到关键作用。本文基于自注入锁定线宽压

窄效应，得益于回音壁谐振腔超高品质因子，验证了 780 nm自注入锁定窄线宽可调谐激光器，并实现十千赫

兹量级（23.8 kHz）的单纵模输出。更重要的是，通过优化组合耦合系数K，结合铌酸锂电光效应，有效提高激

光器频率失谐度，调谐范围达到 110 pm，调谐效率为 6.4 pm/V。该研究为近红外范围内应用的快速调谐窄线

宽激光器提供了高性能的设计方案，有望在未来发挥重要作用。
关 键 词：铷原子；回音壁模式；铌酸锂；自注入锁定；波长调谐
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Introduction
Narrow linewidth tunable lasers have been exten‐

sively utilized in the fields of quantum sensing［1］， quan‐
tum computation［2］ and quantum communication［3］ due to 

their advantages， including high precision， excellent sta‐bility， long coherence times and significant nonlineari‐ty［4］.  These features are particularly beneficial for laser frequency locking of 87Rb atoms［5］ .  Specifically， the transitions from 5S1/2 to 5D5/2 and from 5S1/2 to 5P3/2 states 
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of 87Rb atoms occur at wavelengths of 778. 1 nm and 780. 2 nm， respectively， leading to the formation of cor‐responding absorption spectra［6］.  Lasers are crucial in this context， not only by providing a precise laser source for atomic transitions but also by offering a tunable fea‐ture that enables the adjustment of specific wavelengths to coincide with the rubidium absorption lines.  This alignment ensures that the photon energy perfectly match‐es the energy levels of the atomic transitions.  Further‐more， the accuracy and stability of the experiment are significantly enhanced through the application of frequen‐cy locking and cooling technologies.  The absorption spectrum width of 87Rb atoms at room temperature typical‐ly spans the megahertz （MHz） range； however， it can be narrowed to the 10 kHz to 100 kHz range through the use of cryogenic cooling techniques combined with the Dop‐pler effect［7］.  Consequently， the availability of fast， tun‐able， narrow linewidth lasers operating at the 10 kHz lev‐el is particularly crucial ［8］.Tunable narrow linewidth lasers are predominantly based on external cavities， typically utilizing the self-in‐jection locking technique.  In this approach， a portion of the laser's output is fed back into the cavity， interacting with the laser-generated modes and thereby locking the laser's output frequency to the cavity's resonant frequen‐cy， which establishes a stable and synchronized state［9］.  External cavities employed for self-injection locking of semiconductor lasers include high-quality factor Fabry–Pérot （FP） cavities， grating external cavities， WGM cav‐ities， and fiber-coupled external cavities.  Among these， WGM cavities demonstrate a very high quality factor and small mode volume across a wide wavelength range， mak‐ing them an ideal platform for external cavity self-injec‐tion locking lasers［10］.  Notably， lithium niobate （LN）ex‐hibits a significant Pockels effect and serves as an excel‐lent dielectric material for implementing electro-optical modulation techniques［11-12］.  To achieve linewidth narrow‐ing and wavelength tunability for 1550 nm self-injection locking lasers， Lin et al.（2022） utilized an erbium ion-doped LN cavity， achieving a final linewidth of 322 Hz and a high tuning efficiency of 50 pm/100 V［13］.  In 2023， Cheng et al.  employed a photolithography-assisted chemo-mechanical etching （PLACE） technique to fabri‐cate an LN cavity， successfully realizing a 980 nm nar‐row linewidth laser output， with the linewidth narrowed to 10. 9 GHz and a wavelength tunable range of 2. 57 nm［14］.  In the same year， John E.  Bowers' team achieved a linewidth narrowing of a distributed-feedback （DFB） pumping laser to 4. 7 kHz at 780 nm using a thin-film lithium niobate cavity with self-injection locking［15］.Conventional laser tuning techniques typically rely on current or temperature regulation， and in some cases， they require complex external feedback systems.  FP ex‐ternal cavities adjust the free spectral range （FSR） by varying the distance between the external cavity mirrors， thereby tuning the laser output wave［16］.  The cavity length usually determines the upper limit of its tuning range.  While increasing the cavity length can enhance the FSR， thereby extending the tuning range， it also 

leads to an increase in the external cavity volume， which can adversely affect the stability and operational efficien‐cy of the laser.  Wavelength tuning of fiber bragg grating depends on changes in temperature or strain to adjust the reflected wave of the grating［17］.  This method necessitates precise temperature control； particularly in scenarios with significant temperature fluctuations， the tuning ac‐curacy may be considerably compromised.  The tuning method proposed in this paper involves appropriate in‐crease of the distance between the laser and the cavity， in conjunction with applying a voltage directly to the WGM cavity， which effectively avoids the limitations caused by increasing the cavity length of the external cav‐ity.  This study has the advantage of combining theoreti‐cal analysis and practical application.  We derived the an‐alytical equation of the locked bandwidth based on the linewidth narrowing theory， explicitly established the re‐lationship between optical parameters and the locked bandwidth， and revealed the influence of these factors on the wavelength tuning range of the laser by optimizing the Q value of the external cavity and the light propagation time delay， effectively adjusting the frequency detuning degree， and thus extending the tuning range of the laser.Although high-Q WGM cavities offer substantial ad‐vantages in linewidth narrowing［18-19］， the tunable range correspondingly decreases as their linewidth narrows.  This paper presents a derivation of an analytical equation for the locked bandwidth， based on the theoretical frame‐work of linewidth narrowing［20］.  In our experiments， we achieved the self-injection locking of a 780 nm laser us‐ing a LN cavity with a Q factor of 2 × 106.  The narrow linewidth of the laser， measured using short delayed self-heterodyne interferometry， is 23. 8 kHz［21-24］.  Additional‐ly， through the electro-optic effect， the narrow linewidth laser exhibits a wavelength tunable range of 110 pm and a tunable efficiency of 6. 4 pm/V.  To investigate the self-injection locking technique， the experiment was carried out in the near-infrared band at 780 nm， thus convincing‐ly demonstrating the great potential of the technique for laser linewidth narrowing and wavelength tunability.
1 Experiment 
1. 1　Self-injection locking　This model illustrates a laser cavity composed of an FP cavity （consisting of two mirrors） effectively demon‐strates the self-injection locking mechanism， see Fig.  1
（a）.  The laser emitted by the diode is focused by a lens and coupled into the cavity through a prism.  The cavity's dimensions and surface roughness can induce backward Rayleigh scattering， with some of the scattered laser be‐ing fed back into the laser cavity.  This self-injection ef‐fect enhances the interaction between the signal from the laser cavity and the external cavity.  The interaction oc‐curs when the laser source signal aligns with the cavity signal， locking the output frequency of the laser to that of the optical signal in the external cavity， thereby achiev‐ing linewidth narrowing.  As shown in Fig.  1（b）， during the initial phase of the self-injection locking experiment， the output mode of the laser does not match with the cavi‐
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ty mode， leading to a multimode output spectrum.  By ad‐justing the positional relationship between the laser and the cavity， as well as the coupling spacing， mode match‐ing is gradually achieved， successfully realizing the self-injection locking effect.  Subsequently， the output mode of the laser is precisely locked to the fundamental mode of the cavity， resulting in a single-mode output state.Fig.  1 （a） Self-injection locking schematic.  In the figure， prism coupling feeds back a portion of the laser beam back into the laser cavity to achieve self-injection locking.  （b） The cavity mode is gradually matched to the laser mode， and the single-mode output after self-injec‐tion locking and the significant linewidth narrowing phe‐nomenon reflect the optimization effect of the mode matching.  （c） The corresponding tunable ranges of cavi‐ties at different radii and thicknessesIn this experiment， the LN cavity is successfully prepared using diamond cutting and mechanical polish‐ing techniques.  This cavity has a diameter of 5 mm and a thickness of 0. 2 mm， Fig.  3（b） shows the top view of the prepared resonator under an optical microscope.  We measure the Q factor of the cavity using the full width at half maxima method with a 1550 nm laser， and the Q fac‐tor of the cavity reached 106 in the critical coupling case.  Through theoretical analysis， the bandwidth adjustment mechanism of WGM laser under self-injection locking condition is revealed， and the analytical formula for the 

locked bandwidth is［20］：

ξ = ζ + K
2

2ζ cos ψ̄ + ( )1 + β2 - ζ2 sin ψ̄

( )1 + β2 - ζ2 + 4ζ2    , (1)
where ξ and ζ denote the frequency detuning of the laser to the cavity and the output frequency detuning， respec‐tively； β is the normalized backscattering coefficient； 
ψ̄denotes phase-locked ； K is the combined coupling co‐
efficient， which is analogous to the injection parameter C used in the theory of self-mixing interferometers， as de‐picted in the following equation［25］：

C = (1 + α2 ) 1/2
A-1/2κs/nlas Llas , (2)

Where
κ = εδ (1 - R) / R  , (3)

The function denotes the fraction of the field cou‐pled back and interacting with the laser mode.  In Eqs.  
（2） and （3）， α is the linewidth enhancement factor of the laser， 1/A is the fraction of power fed back into the la‐ser， s is the distance from the laser to the cavity， and the measured value is s = 6 cm， in addition， nlas and Llas are the effective refractive index and the cavity length of the laser， respectively， and ε is the mode superposition fac‐tor， δ is the diffusivity （if not already included in A） typi‐cally reflecting the degree of scattering of laser reflected from the surface， and R is the cavity reflectivity.  In the design of cavities， there is an important relation between 

图 1　（a） 自注入锁定原理图，采用棱镜耦合技术。图中，棱镜耦合将激光束的一部分反馈回激光器腔内，实现自注入锁定。（b） 谐
振腔模式与激光器模式逐渐匹配，自注入锁定后的单模输出且线宽的显著压窄现象，反映了模式匹配的优化效果。（c）不同半径和
厚度下的谐振腔对应的调谐范围
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the reflectivity R and the quality factor Q， which is dis‐played in the following equation［26］：

R = exp (- tr2τ
) , (4)

where tr = 2L/c denotes the time required for the laser to round-trip through the cavity， and by combining Eqs.  
（2）， （3）， and （4） and substituting the relevant parame‐ters， the relationship between C and Q is expressed as：

C = 80[exp (5 × 104Q-1 ) - exp (-5 × 104Q-1 ) ] , (5)
From Eq.  （5）， the injection parameter C increases as the quality factor Q decreases， while the combined coupling coefficient K increases， similar to that in Eq.  

（1）.  Furthermore， as indicated in Eq.  （1）， the value of 
K affects the frequency detuning between the laser and the cavity， and the larger value of K results in greater de‐tuning， which subsequently enhances the wavelength tun‐able range of the laser.  In this experiment， we use a lithi‐um niobate cavity with a quality factor Q of 2. 3 × 106.  We intentionally select a lower Q for the cavity because appropriately reducing the Q value allows us to maintain the narrow linewidth characteristics of the laser while si‐multaneously increasing its tunable range.  This enhance‐ment increases the adaptability of the laser system to the diverse needs of various applications， thereby enhancing its versatility and practicality.  As shown in Eq.  （2）， the distance between the laser and the cavity affects the tun‐able range of the self-injection locking laser.  Compared to on-chip self-injection locking lasers， our design incor‐porates a relatively greater distance between the laser and the cavity， allowing for a further extension of the la‐ser's tunable range.Figure 2（a） illustrates the self-injection locking 

bandwidth tuning curve derived from the optimized of Eq.  （1）.  The figure demonstrates that as the indicated laser frequency is scanned from the redshift to the reso‐nant frequency of the WGM cavity， the output frequency of the laser jumps to within the self-injection locking bandwidth as the frequency difference between the two decreases.  Within this locking bandwidth， the output fre‐quency of the self-injection locking laser remains essen‐tially constant.  The locking bandwidth describes the fre‐quency range over which the laser can be stabilized after being locked by an external feedback system （e. g. ， an external reference laser） and a larger locking bandwidth means that the laser can remain stable over a wider fre‐quency range.  The linewidth compression factor based on the WGM laser self-injection locking technique is shown in Eq.  （6）［27］：
δω

δωfree
≈ Q2

d

Q2
1

16Γ2
m( )1 + α2

g

 , (6)
where δω and δωfree are the laser linewidths based on WGM self-injection locking and the laser linewidths in the free-running state， respectively； Qd （102） and Q 
（106） are the quality factors of the laser cavity and the ex‐ternal LN cavity， respectively； Γm and αg denote the re‐flection coefficient as well as the phase-amplitude cou‐pling coefficient of the cavity， respectively.  According to this formula， the order of magnitude of the linewidth com‐pression factor is 108， which leads to a theoretically cal‐culated linewidth value of 19 kHz， and the experimental laser linewidth measured by the short delayed self-hetero‐dyne interferometry is 23. 8 kHz.Through the optimization of relevant parameters， the one-to-one correspondence between the combined 

Fig.  2　（a） Based on WGM laser self-injection locking bandwidth tuning.  When the laser frequency is tuned away from the resonant fre‐
quency of the cavity， the laser generation frequency follows the 1：1 line， marked in orange in the figure.  As the laser frequency ap‐
proaches the resonance of the cavity， it gradually stabilizes until it jumps to the stable center portion of the curve， which is marked with a 
red line in the figure.  （b） One-to-one correspondence of the combined coupling coefficient K and linewidth δω with the cavity quality fac‐
tor Q， respectively
图 2　（a） 基于WGM激光自注入锁定带宽调节曲线图。当激光频率被调谐远离谐振腔的谐振频率时，激光产生频率遵循 1：1线，
图中用橙色标注。当激光频率接近谐振腔共振时，逐渐稳定，直至跳到曲线的稳定中心部分，图中用红线标注。（b） 组合耦合系数
K、线宽 δω分别与谐振腔品质因子Q的一一对应关系
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coupling coefficient K and linewidth δω with the cavity quality factor Q， respectively， is shown in the equation of Fig.  2（b）.  The achievable parameters and their corre‐sponding specific values for the WGM and laser cavity se‐lected for the experiment are provided in Table 1.As shown in Fig.  3（a）， a high-precision three-di‐mensional electric displacement stage is used to discrete‐ly regulate the microcavity-prism coupling spacing with an accuracy of 20 nm， enabling precise control of the coupling state， coupling strength and backscattered light power.  The laser chip is selected from a commercial FP laser model HLM40105-C component.  The commercially available FP chips for laser modules are coated with a highly transmissive film on the output side and a highly reflective film on the input side.  The air cooling device and current drive of the component are necessary in the experimental setup.  The tunable focusing lens in the la‐ser assembly is difficult to verify the self-injection lock‐ing effect and is removed in the experimental setup.  The 780 nm light （the laser chip-based） is focused by an opti‐cal focusing mirror with an NA value of 0. 53 to the first side end face of the coupling prism， which is fully reflect‐ed by the prism to form evanescent field and coupled to the cavity.  The coupled output light exits through the sec‐ond side end face of the coupling prism and is collected by the focusing fiber.  Among them， the optical focusing mirror， coupling prism on both sides of the wall is coated with 780nm band permeability enhancement film to avoid interference of the reflected light on the laser chip， to en‐sure that the Rayleigh scattering is the main reason for re‐alizing the self-injection locking.

1. 2　Short delayed self-heterodyne interferometry　Since the laboratory is equipped with a spectral ana‐lyzer that has a resolution of 0. 05 nm， and the linewidth resulting from self-injection locking is much narrower than 0. 05 nm， directly measuring the laser's specific linewidth with the spectroscope is challenging.  There‐fore， the present experiment adopts the short delayed self-heterodyne interferometry to measure the narrow line‐width of the 780 nm self-injection locking laser.  This method determines the laser linewidth by analyzing pairs of data points （i. e. ， adjacent maxima and minima） in the signal generated by the self-heterodyne device.  The structure of the short delayed self-heterodyne interferome‐try measurement linewidth device is depicted in Fig.  4
（a）.  The output of the measured laser is split into two beams by coupler 1 （50：50）： one beam is frequency shifted by an acousto-optic modulator （AOM） with a cen‐ter frequency of 100 MHz， this process helps differenti‐ate the laser signal from its self-referenced frequency， thereby reducing system noise and errors caused by laser frequency drift and environmental changes［24］， thus en‐suring stability and reliability.  The other laser beam is delayed through a 150 m single-mode fiber.  The two beams are then recombined and injected into the photode‐tector （PD） via coupler 2 （50：50）.  Finally， we measure the beat-frequency signals of the two beams using a spec‐trum analyzer.  When the fiber delay time τd is smaller than the laser coherence time τc， the power spectrum of the beat signal shows a distinct narrow peak at the operat‐ing frequency of the AOM.  As the ratio of the laser coher‐ence time to the fiber delay time （τc/τd） increases， the 

Fig.  3　（a） Schematic diagram of the self-injection locking experimental equipment.  The figure contains the main components： the la‐
ser， the prism， the LN cavity， and the fiber at the receiving end （which collects and transmits the optical signals passing through the cav‐
ity）.  （b） Top view of the polished cavity under an optical microscope.  （c） Enlarged view of the area shown by the green box in Fig. 3 
（a）
图 3　（a） 自注入锁定实验设备示意图。图中包含主要组件：激光器、棱镜、谐振腔以及接收端光纤（收集和传输经过谐振腔的光信
号）。（b） 光学显微镜下抛光谐振腔的俯视图。（c） 图3（a）中绿框所示区域的放大图
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signal-to-interference plus noise ratio （SINR） of the peak of the differential beat signal centered at the AOM fre‐quency increases monotonically.

During the linewidth measurement， the difference between the values of the vertical axis at a pair of extreme points is taken for calculation purposes.  The relation be‐

tween ∆ S and ∆ f can be constructed when τd and f are known.  τd is controlled by the length of the fiber， and f can be taken as the value of the frequency at the envelope extremes， and the computational relationship can be ex‐pressed as［22］：ΔS = 10 log10 SH - 10 log10 SL , (7)
where SH and SL are pairs of extreme points on the enve‐lope.  ∆ S denotes the amplitude difference between the two extreme points， and the period τd can be expressed in terms of the fiber length as

τd = nL c , (8)
where n is the refractive index of the fiber and L is the fi‐ber length.  According to the period τd， the difference be‐tween the frequency at the extreme point and the center can be deduced as：Δfm = ( )m + 2 c 2nL , (9)
where m is a natural number， if m = 0 at the extreme point closest to the center frequency （minimum value）， 
m = 1 at the second extreme point closest to the center frequency （maximum value）， and so on.  By combining Eqs.  （7） and （9）， the relations between ∆f and ∆S can be expressed as：

ΔS = 10 log10 SH - 10 log10 SL

    = 10 log10
S [ f1 + (m + 2)c

2nL
]

S [ f1 + (k + 2)c
2nL

]

    = 10 log10
[ Δf 2 + [ (k + 2)c

2nL
]2 ]

[ Δf 2 + [ (m + 2)c
2nL

]2 ]
[1 - exp (-2π nL

c Δf ) cos [ (m + 2)π ] ]
[1 - exp (-2π nL

c Δf ) cos [ (k + 2)π ] ]

 , (10)

where SH is the larger of the neighboring extreme points， 
SL is the smaller of the neighboring extreme points， m and k are natural numbers.  Since this is a pair of neigh‐boring extreme points， the condition |m-k = 1| must be satisfied.In this experiment， we connect 150 m of delayed fi‐ber to the test setup.  This modulator focuses the beat fre‐quency at 100 MHz， avoiding the interference from envi‐ronmental factors in the experiment.  As a result， the sig‐nal within the critical test frequency paradigm （i. e. ， 100 MHz） remains stable for a long time， even though the ambient noise causing the PSD to fluctuate in the low-frequency band near 0 Hz.  Figure 4（b） shows that with‐in the swept frequency range， a pair of extreme points are selected for numerical analysis and combined with Eq.  （10）.  The result obtained from the first-order and second-order extreme points （m = 0， k = 1） is 23. 8 kHz.  The laser output power is gradually increased from 6 mW to 13 mW， allowing us to explore the effect of la‐ser power on laser linewidth.  During the experiment， a set of coherent envelope data is recorded for each 1 mW increment， and the corresponding linewidth is calculat‐ed， as shown in Fig.  4（d）.  It can be clearly seen from the figure that the measured laser linewidth decreases as the increase of laser output power.  When the laser power 

is increased to 13 mW， the measured laser linewidth reaches its minimum value of 23. 8 kHz.  The true line‐width of the laser itself narrows within the low power range of 6 mW to13 mW.  From the one-to-one correspon‐dence illustrated in Fig.  4（c）， it can be concluded that when conducting short delayed self-heterodyne interfer‐ometry to measure the narrow linewidth of a laser， the precise linewidth can be determined from the actual mea‐sured peak-to-valley difference （∆ S） and the specific length of the delayed fiber， once the length of the de‐layed fiber has been selected.
1. 3　Wavelength tunable　Self-injection locking lasers with tunable wavelength are highly selective and stable， offering a wide range of prospects in optical applications.  in this process， the wavelength tuning of a self-injection locking laser is achieved by adjusting the voltage applied to the LN cavi‐ty.  The refractive index of LN changes significantly un‐der the action of an electric field due to its significant electro-optical effect.  The upper and lower surfaces of the LN cavity are coated with a gold-plated layer approxi‐mately 150 nm thick， which not only improves the con‐ductivity of LN but also ensures the uniformity of the elec‐tric field distribution through the metal electrodes.  In the LN cavity， the upper and lower metal-plated surfaces are 

Table 1　Parameters related to WGM and laser cavity
表 1　与 WGM 和激光器谐振腔有关的参数

Parameter name

Linewidth enhancement factor
Fraction of power fed back into the laser

Effective refractive index of the laser
Laser cavity length

Mode superposition factor
Diffusivity

Cavity reflection coefficient
Cavity phase-amplitude coupling factor

Notation

α

1/A

nlas

Llas

ε

δ

Γm

αg

Value

2. 5
0. 01
3. 5

50 μm
0. 4
0. 2
10-2

0. 5
 Among them, 1/A, ε, δ, αg are taken according to the critical coupling 

state and combined with the actual experiments; α, Γm are taken from Ref. 
27, nlas, Llas are fixed values after the selection of a suitable laser.
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connected to electrodes， and a direct current voltage 
source is connected between the plane electrodes on the 
LN surface， creating a bias voltage， as shown in 
Fig.  3（c）.

In this research， we investigate the variation of a la‐
ser's wavelength in continuous tuning mode.  The smooth 
variation of the laser wavelength across a continuous 
range is achieved by voltage-tuning the optical properties 
of the cavity.  As illustrated in Fig.  5（a）， when a voltage 
ranging from 0V to 18V is applied to the cavity， the laser 
wavelength shifts from 787. 83 nm to 787. 94 nm.  This 
results in a tunable range of 110 pm， corresponding to a 
wavelength tunable efficiency of 6. 4 pm/V.  During the 

examination of the laser's tunable characteristics at vari‐
ous applied voltages， we incrementally adjust the voltage 
and simultaneously record the corresponding spectro‐
grams.  The side-mode suppression ratio （SMSR） is also 
calculated， as shown in Fig.  5（c）.  The SMSR of these 
spectrograms was analyzed and found to vary over a range 
of 5. 1 dB at different voltages.  This range indicates 
that， although there is some fluctuation in the RMSR， 
the overall variation is within an acceptable range， sug‐
gesting that the laser maintains relatively stable perfor‐
mance during the tunable process.  Differences in the tun‐
able range correspond to varying cavity sizes， therefore， 
we analyze the impact of the size factor on the tunable 

Fig.  4　Measured laser linewidth for the short delayed self-heterodyne interferometry.  （a） C1 and C2： optocoupler （50/50）.  The de‐
layed fiber length is 150 m.  PD： photoelectric detector.  AOM： acousto-optic modulator （100 MHz）.  ESA： electronic spectrum analyz‐
er.  （b） Plot of the envelope data for the delayed fiber length of 150 m used.  （c） Magnitude difference between a pair of extreme points 
corresponding to different delayed fiber lengths （L） and laser linewidth （∆f）.  （d） Laser linewidth corresponding to different laser power
图 4　短光纤延迟自外差法的测激光线宽。（a） C1和C2：光耦合器（50/50）。延迟光纤长度为 150米。PD：光电探测器。AOM：声光
调制器（100MHz）。ESA：电子频谱分析仪。（b）使用的延迟光纤长度为 150米的包络数据图。（c） 不同延迟光纤长度（L）和激光线宽
（∆f）所对应的一对极值点的幅度差。（d） 不同的激光器功率对应的激光线宽

Fig.  5　Wavelength tunable plot of a 780 nm self-injection locking laser.  （a） Spectra of laser output power at different applied voltage 
levels to the cavity.  （b） Narrow linewidth laser wavelength versus applied voltage to the cavity.  The linear fit （red curve） shows a slope 
of 6. 4 pm/V.  （c） Side-mode suppression ratio of the spectra with different voltages applied to the cavity
图 5　780nm自注入锁定激光器波长调谐图。（a） 谐振腔不同外加电压水平下激光器输出功率的光谱。（b） 窄线宽激光波长与谐振
腔外加电压的关系。线性拟合（红色曲线）显示斜率为 6. 4pm/V。（c） 谐振腔施加不同电压下光谱的边模抑制比
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range， as illustrated in Fig.  1（c）.  When the radius of the LN cavity is less than 3 mm， the curve rises rapidly， indicating that this region is the one with the largest change in tunable range.  In contrast， the remaining area shows less variation and a reduced tunable range.  The tuning voltage applied to the LN cavity is proportional to the tunable range when the radius no longer changes.  By adjusting the laser power to achieve wavelength tunabili‐ty， the effectiveness of this tunable range is contingent upon variations in power.  This necessitates frequent ad‐justments to the laser power； however， such changes can induce thermal effects， potentially leading to an increase in the laser's temperature， which may adversely affect its performance.  Consequently， the tuning method used in this experiment is more precise and offers greater refer‐ence value for future research on the wavelength tunabili‐ty of self-injection locking lasers.
2 Conclusions 

In summary， we demonstrate a high-performance narrow-linewidth laser operating at 780 nm is demonstrat‐ed， achieving exceptional performance through self-injec‐tion locking of the FP laser into a high-Q LN WGM cavi‐ty.  In this study， we have achieved a laser linewidth of 23. 8 kHz， which meets the 10 kHz linewidth require‐ment for cooled 87Rb atoms.  This matching has been shown to enhance the interaction efficiency between the laser and the cooling atoms， leading to improved cooling efficiency and a greater degree of cooling.  Furthermore， the laser demonstrates significant tunability， with a wave‐length tunable range of approximately 110 pm and a tun‐able efficiency of 6. 4 pm/V.  This paper also examines the change in the root mean square ripple （RMSR） dur‐ing the tunable process， which has been accurately mea‐sured at approximately 5. 1 dB.  This indicates the rela‐tive stability of the laser.  During course of the experi‐ments， the laser wavelength is continuously tuned， and this method achieves finer wavelength tuning compared to directly adjusting the laser power.  This tuning ap‐proach effectively mitigates the thermal effects caused by high power， preventing mode jumping and ensuring sta‐ble laser output.  By optimizing the relevant parameters， a cavity with an appropriate quality factor Q is selected， which further extends the laser's tunable range and iim‐proves its tuning efficiency.  These improvements not on‐ly enhance laser performance but also lay the groundwork for the future development of high-precision laser technol‐ogies.
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