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Precise wavelength control in Littman-type external cavity diode laser (ECDL) is crucial for high-resolution spectroscopy and metrology, yet their stability is often limited by thermo-mechanical perturbations. Despite active temperature control of the laser diode, the thermal and mechanical response of the entire cavity structure remains a critical challenge. This study investigates these effects using a multi-physics coupled three-dimensional finite-element model, incorporating realistic parameters of the laser diode, diffraction grating, mirror assembly, and thermoelectric controller to analyze temperature distribution, thermal stress, and structural deformation under varying ambient temperatures. The results show that while active temperature control effectively suppresses thermal fluctuations in the laser diode, significant temperature non-uniformity develops on the diffraction grating as the ambient temperature increases, with the surface temperature difference rising from 3.31 K to 6.91 K. Thermally induced structural deformation leads to changes of 0.453 μm in the internal cavity length, 10.983 μm in the external cavity length, and an angular deviation of 0.022 in the optical feedback path. These coupled effects result in an output wavelength drift of 0.191 nm (corresponding to a wavelength-temperature sensitivity of 9.55 pm/K), exceeding the stability requirements for precision wavelength control. The analysis clarifies the dominant thermo-mechanical mechanisms limiting wavelength stability in Littman-type ECDL and provides guidance for structural and thermal optimization in precision laser applications. A subsequent sensitivity analysis reveals that under realistic thermoelectric controller (TEC) stabilization (±0.01 K), the thermo-mechanically induced wavelength drift is suppressed to ±0.0955 pm, validating the engineering relevance of the proposed model.

Keywords: external cavity diode laser, optical stability, structural deformation, thermal simulation, thermo-mechanical coupling, wavelength drift
1 INTRODUCTION
External cavity diode lasers (ECDL), are widely used in precision optical applications due to their narrow linewidth, broad wavelength tunability, high beam quality, and compact structure [1–8]. Among various external cavity configurations, the Littman-type architecture is particularly attractive because it enables single-longitudinal-mode operation while maintaining a fixed output beam direction [9–13]. These characteristics make Littman-type ECDL suitable for applications requiring high frequency stability and long-term operational reliability. A schematic diagram of the Littman-type external cavity diode laser structure is shown in Figure 1, where the diffraction grating provides wavelength selection and the mirror mounted on a piezoelectric actuator enables continuous and fine frequency tuning [14].
[image: Diagram illustrating a diode laser setup with a collimating lens, a diffraction grating, and a mirror. Light from the diode passes through the lens, strikes the grating to produce zero-order diffraction light and first-order feedback, with angles phi and theta marked at the grating. An x-z axis reference is present in the lower left corner.]FIGURE 1 | Schematic diagram of a Littman-type external cavity diode laser structure.Despite these advantages, the wavelength stability of Littman-type ECDL remains highly sensitive to thermal and mechanical disturbances. Thermal expansion of structural components [15], ambient temperature fluctuations [16,17], and micro-scale displacement or angular deviation of optical elements [18] can disrupt the delicate frequency matching among the internal cavity, external cavity, and diffraction grating. Such perturbations may result in wavelength drift, mode hopping, reduced optical feedback efficiency, and degradation of spectral purity, thereby limiting the applicability of Littman-type ECDL in high-precision and long-term stable operating environments [19].
Previous studies on Littman-type and related ECDL systems have primarily focused on extending mode-hop-free tuning ranges, improving optical feedback schemes, enhancing frequency stabilization, or optimizing electro-optic and piezoelectric tuning mechanisms [20–23]. While these efforts have significantly advanced ECDL performance, the underlying thermo-mechanical coupling mechanisms that govern long-term wavelength stability have not been sufficiently quantified. In particular, the combined effects of temperature-induced stress, structural deformation, and optical path deviation on wavelength drift are often treated qualitatively or neglected altogether.
In practical operation, thermally sensitive components such as the diffraction grating [24], mirror mount [9], and laser diode base are subject to non-uniform heating and constrained thermal expansion. These effects can induce micro-scale deformation and angular misalignment, which are especially critical in Littman-type configurations due to their reliance on precise grating–mirror feedback geometry. Even sub-micron displacement or sub-milliradian angular deviation may lead to significant changes in the grating-selected wavelength and optical feedback conditions.
In this work, a 635 nm Littman-type external cavity tunable diode laser is investigated using a comprehensive multi-physics modeling approach [25]. By combining thermal field analysis, structural mechanics, and optical feedback theory, a unified framework is established to quantitatively evaluate the influence of environmental temperature variations on laser wavelength stability [26]. A three-dimensional finite-element model is constructed to simulate temperature distribution, thermal stress, and structural deformation of key components under thermo-mechanical coupling [27]. The resulting deformation parameters are then mapped to optical performance metrics, enabling direct prediction of wavelength drift. The main contributions of this study are summarized as follows: (1) A three-dimensional thermal modeling framework is developed for a 635 nm Littman-type ECDL, enabling identification of dominant heat-load regions and temperature non-uniformity under varying ambient conditions; (2) Thermally induced stress, micro-displacement, and angular deviation of critical external cavity components are quantitatively evaluated using coupled thermo-mechanical simulations; (3) A mapping relationship between structural deformation and output wavelength drift is established based on optical feedback and mode-matching theory, revealing the dominant mechanisms limiting wavelength stability. This work provides a systematic understanding of the thermal–mechanical–optical coupling processes in Littman-type ECDL and offers theoretical guidance for structural and thermal optimization aimed at improving wavelength stability in precision laser applications.
2 THEORETICAL MODELING AND PROBLEM FORMULATION
2.1 Thermal modeling of the external cavity
The thermal behavior of a Littman-type ECDL is governed by the combined effects of distributed internal heat sources, complex structural geometry, and heterogeneous material properties [28]. Accurate prediction of temperature field is therefore a prerequisite for analyzing thermally induced mechanical deformation and its subsequent influence on optical performance. In this subsection, a thermal modeling framework is established to describe heat generation, heat transfer, and temperature distribution within the external cavity system [29].
The ECDL is defined over a three-dimensional spatial domain Ω, which is subdivided into multiple subdomains {Ω1, Ω2, …, Ωn}. Each subdomain corresponds to a physically distinct component, such as the laser diode and its mounting base, diffraction grating substrate, mirror assembly, supporting structures, and surrounding mechanical elements [30]. To account for directional heat conduction in different components, each subdomain Ωi is assigned an anisotropic thermal conductivity tensor Ki, as shown in Equation 1.
Ki=kxi000kyi000kzi,for Ωi(1)
The thermal conductivity of each material is assumed to be temperature dependent, as described in Equation 2:
kxxiT=k0i1+αTiT−T0(2)
where k0i is the baseline thermal conductivity, αTi is the temperature coefficient, and T0 is the reference temperature.
The primary internal heat source originates from non-radiative recombination and Joule heating within the laser diode [31]. The volumetric heat generation rate qv in the active region is expressed by Equation 3:
qv=1−ηqIVVLD(3)
Where ηq is the quantum efficiency, I is the electrical driving current, V is operating voltage, and VLD is the effective volume of the active region. This formulation reflects the fraction of electrical input power that is converted into heat rather than useful optical output.
Heat dissipation from the laser system to the surrounding environment occurs through both convection and radiation, which are respectively modeled by Equations 4, 5. Natural convective heat transfer on exposed surfaces ∂Ωi is described using Newton’s law of cooling, with the convective heat-transfer coefficient determined by the ambient conditions.
qconv=hiTi−Tenv(4)
where hi is the local convective heat transfer coefficient (empirically defined based on surface roughness and enclosure airflow), Ti is surface temperature and Tenv is ambient temperature.
In addition, radiative heat exchange between cavity components, particularly for optically reflective surfaces such as the diffraction grating and mirror [32], is taken into account using the Stefan–Boltzmann law combined with appropriate surface emissivities ϵi, ϵj and geometric view factors Fij.
qrad=AiσϵiϵjFijTi4−Tj4(5)
where Ai is the surface area, σ is the Stefan-Boltzmann constant, and Ti, Tj are surface temperatures.
A key simplification in the thermal model is the neglect of thermal radiation from structural surfaces, which is justified by the laser’s operating conditions. The core components of the 635 nm Littman-type ECDL operate within a moderate temperature range of 293.15 K–313.15 K, with a maximum temperature rise of approximately 20 K relative to the ambient environment. According to the Stefan-Boltzmann law, the radiative heat transfer coefficient for silver-coated optical surfaces (emissivity ε < 0.05) is calculated to be less than 0.35 W/(m2·K). In comparison, the natural convection heat transfer coefficient (h = 12 W/(m2·K)) dominates, with radiative heat transfer contributing less than 3% of the total heat dissipation. This simplification significantly improves computational efficiency without compromising simulation accuracy for low-power, room-temperature ECDL systems. For laser systems operating with temperature rises exceeding 50 K or utilizing high-emissivity materials, thermal radiation effects must be incorporated into the multi-physics model.
The transient heat conduction within each subdomain Ωi is governed by the energy conservation (Equation 6), which relates the temporal variation of temperature to conductive heat flux and internal heat generation:
ρicpi∂T∂t=∇Ki∇T+qv(6)
where ρi is density and cpi is specific heat of the material.
For multilayer or highly integrated assemblies, such as the TEC-coupled laser diode mount, equivalent thermal resistance models are employed to simplify the numerical implementation while maintaining sufficient accuracy in thermal response prediction [33], as shown in Equations 7, 8:
Tjunction=Tbase+∑k=1∞RthkQk(7)
Rthk=LkAkkk(8)
where Rthk is conductive thermal resistance, with Lk, Ak, and kk denoting the layer thickness, area, and thermal conductivity respectively.
By incorporating internal heat generation, conduction, convection, and radiation, the overall temperature field of the external cavity diode laser is obtained by solving the coupled heat conduction (Equation 9) subject to mixed boundary conditions:
ρcp∂T∂t=∇K∇T+Q(9)
where K encodes all anisotropic temperature dependent conductivit. Q=qv+qrad+qconv is the net volumetric heat source. Boundary conditions include both Dirichlet (fixed temperature) and Robin-type (convective-radiative) terms. The resulting steady-state temperature distribution serves as the thermal load input for subsequent thermo-mechanical coupling analysis.
2.2 Structural deformation analysis under thermal load
To quantitatively evaluate the thermal-mechanical effect, this section employs anisotropic linear thermoelastic theory, with particular emphasis on local bending induced by mismatch in thermal expansion coefficients at material interface [34]. The objective is to establish a quantitative mapping relationship between the temperature field and the resulting structural displacement field, thereby extracting key parameters that directly govern optical performance, such as beam deflection angle and cavity length change.
Let the solid structure domain of the laser system be denoted as Ωs, encompassing components including the copper heat sink of the laser diode, the aluminum nitride (AlN) base [35], the aluminum alloy (Al6061) cantilever beam, the steel grating pivot, and the TEC interface [36]. Each subdomain is modeled as a linear elastic, anisotropic medium, in which displacement fields ux,y,z arise from thermally induced expansion under a spatially non-uniform temperature field Tx,y,z.
The strain tensor ℇij consists of both mechanical and thermal components, as expressed in Equation 10:
ℇij=12∂ui∂xj+∂uj∂xi−αTiT−T0δij(10)
The stress-strain relationship is described by Equation 11:
σij=Cijklℇkl(11)
Static equilibrium is governed by Equation 12, ignoring the inertial term and the volume force (which holds true for quasi-static thermal deformation problems):
∇σ=0(12)
Equation 13 enforces the interface continuity conditions at each material interface (e.g., grating–aluminum frame, mirror–steel mount) [37]:
ui=uj  on ∂Ωi∩∂Ωjσini=σjnj  on ∂Ωi∩∂Ωj(13)
2.3 Influence of structural deflection change on optical performance
The thermo-mechanical-optical coupling effect is the core physical mechanism governing wavelength drift in Littman-type ECDL, following a well-defined causal chain: non-uniform temperature field; thermal stress and heterogeneous structural deformation; variations in cavity lengths (Lic,Lec) and optical angles (α, β); Shift in cavity mode resonance and grating wavelength selection; Final output wavelength determined by cavity-mode-grating matching.
This chain quantifies how structural deformations induced by thermal effects propagate to the optical domain, ultimately dictating the laser’s wavelength stability.
In a Littman-type external cavity diode laser, stable single-longitudinal-mode operation relies on precise frequency matching among the internal cavity, the external cavity, and the wavelength-selective diffraction grating. Thermally induced structural deformation alters both the optical path length and angular alignment of the feedback components, thereby perturbing the optical resonance and mode-selection conditions.
As illustrated in Figure 2, the laser diode forms the internal cavity, which can be modeled as a Fabry–Pérot resonator with an effective cavity length determined by the chip geometry. The diffraction grating and the external mirror together constitute the external cavity, providing wavelength-selective optical feedback [38]. The output wavelength of the ECDL is jointly determined by the resonance conditions of the internal cavity, the external cavity, and the grating-selected wavelength. According to [39], the equivalent optical gain of the internal cavity is given by Equation 14:
Gic=G1−GR1R22+4GR1R2sin22πLic/λ(14)
[image: Schematic diagram illustrating the optical path in a monochromator: light from a source passes through a collimating lens, reflects off a mirror, interacts with a diffraction grating, and exits as emerging light, with labeled distances L1, L2, L3, angles alpha and beta, and the equation Lec = L1 + L2 = L3 times the sum of sine alpha and sine beta shown for path calculation.]FIGURE 2 | Block diagram of operating principle of Littman type tunable semiconductor laser.Similarly, the gain of the external cavity is expressed in Equation 15:
Gec=G1−GR1R3T2RG2+4GR1R3T2RG⁡sin22πLec/λ(15)
The wavelength-selective feedback introduced by the diffraction grating, governed by its groove period, diffraction order, and the number of illuminated grooves, leads to a wavelength-dependent effective reflectance as modeled by Equation 16:
RG=RDsinNπλc/λN⁡sinπλc/λ2(16)
where, Lic = 0.635 mm denotes the equivalent internal cavity length. The optical path length of the external cavity is Lec = L3 (sin⁡α +sin⁡β) = 25.4 mm. The angles α and β are defined as the incidence and diffraction angles, respectively, both measured from the grating normal. The reflectivities of the LD back and front facets are R1 = 0.95 and R2 = 0.05, respectively, with the front facet transmissivity being T2 = 0.95. The external mirror reflectivity is R3 = 0.95. The optical wavelength is λ = 635 nm. Since most commercial products have a wide bandwidth, we assume here that the magnification of the laser diode gain medium is constant. In addition, to simplify the calculation, the gain and loss of the laser chip are assumed to be equal, which implies an equivalent gain G = 1.
The assumption of an equivalent gain G = 1 is a deliberate simplification to isolate the thermo-mechanical contributions to wavelength drift, the primary focus of this study. Commercial 635 nm laser diode (LD) chips exhibit a flat gain profile within the narrow tuning range (635–640 nm) of the Littman-type ECDL, and the LD operates well above the lasing threshold (120 mA vs. threshold current <50 mA), minimizing the impact of gain fluctuations on steady-state operation. Mode competition effects are further suppressed by the diffraction grating’s narrow-band filtering capability (3000 lines/mm, spectral bandwidth ≈0.1 nm), which strongly selects the dominant lasing mode. A comparative analysis with a complex gain model (incorporating gain saturation, G = 0.98–1.02) confirms that the wavelength drift predicted by the G = 1 model deviates by less than 3%. This error is negligible for the purpose of identifying thermo-mechanical bottlenecks and guiding structural optimization.
Two key quantitative relationships describe the mapping between structural deformation and wavelength shift:
Cavity length variation: The micro-deformation of the internal/external cavity physical lengths (ΔLic, ΔLec) directly translates to optical path length changes. The resonance wavelength shift follows the linear relationship Δλ/λ = ΔL/L, where the relative change in resonance wavelength is proportional to the relative change in cavity length.
Angular deviation: A small offset in the grating incidence angle (Δα) induces a synchronous shift in the diffraction angle (Δβ) via the grating equation d (sin⁡α +sin⁡β) = mλ (diffraction order m = 1 for this study). The resulting wavelength shift is quantified as Δλ = d (cos⁡α· Δα +cos⁡β· Δβ), highlighting the critical role of angular stability in grating-based wavelength selection.
The total output power of the ECDL can be expressed as Gecdl=GicGecRG, The angular deflection (Δθ) destroys the narrow-band filter matching of the grating by changing the grating selection property and the optical path of the external cavity. The influence can be mapped to the key parameters of optical performance through the grating equation and the grating selection property formula Δλ. By changing the mode selection wavelength of the inner cavity and the outer cavity, the cavity length variation destroys the mode matching of the inner cavity, the outer cavity and the grating, and affects the output performance of the laser [40].
3 SIMULATION MODEL AND RESULTS
Figure 3 illustrates the core structure of a Littman–type ECDL. The system is built on a temperature-controlled base plate that serves as the mechanical support substrate. The laser diode provides optical gain, and a collimating lens converts the divergent output from the laser diode into a parallel beam. The reflective diffraction grating, which is fixed to the base plate by soldering, receives the collimated beam and performs wavelength selection. A piezoelectrically driven rotating prism is mounted on a rotating support arm and enables fine angular adjustment via piezoelectric actuation. The prism reflects the wavelength selected by the grating back toward the grating, thereby forming the external-cavity optical feedback.
[image: Diagram of a tunable laser setup illustrating a reflective grating, a laser diode with collimating lens, a rotating prism with piezoelectric drive, a rotating support arm, and temperature control base plate, showing a 635 to 640 nanometer laser output path.]FIGURE 3 | Schematic of the device.By adjusting the prism angle, the diffraction angle of the feedback light can be varied, thereby selecting different lasing wavelengths and enabling continuous tuning over a wide spectral range. At the same time, the temperature-controlled base plate ensures the thermal stability of the core components, which improves both the wavelength accuracy and the output power stability of the laser.
3.1 Mesh division and grid independence verification
The three-dimensional finite element model is discretized using free tetrahedral meshes, with a graded refinement strategy to balance computational accuracy and efficiency. Local mesh refinement is applied to key components where thermal-stress gradients are most pronounced. Laser diode active region: 0.05 mm element size. Diffraction grating and mirror effective optical surfaces: 0.1 mm element size. Al6061 support arm (stress concentration region): 0.2 mm element size. Temperature-controlled base plate and heat sink: 0.5 mm element size (uniform temperature distribution).
The final simulation model consists of 1.28E6 elements, with all element quality metrics exceeding 0.6 (a threshold for reliable finite element convergence). To verify grid independence, three mesh schemes were evaluated: coarse (8.5E5 elements), medium (1.28E6 elements), and fine (1.86E6 elements). Two critical indicators were compared: the maximum surface temperature of the diffraction grating and the maximum von Mises stress of the support arm. The deviation between the medium and fine mesh results is less than 2%, while the coarse mesh deviates by more than 8% relative to the fine mesh. Thus, the medium mesh scheme was selected for all subsequent simulations.
3.2 Thermo-mechanical-optical modeling of the external-cavity tunable laser
To analyze the thermal characteristics of the laser system, a three-dimensional steady-state thermal simulation model was constructed using Comsol Multiphysics. The ADL-63501TL laser diode serves as the core heat source of the simulation system. Its central emission wavelength is 635 nm, with a typical operating current of 120 mA and a maximum operating current of 160 mA. The corresponding thermal power is approximately 250 mW, and the thermal resistance of the laser chip is about 150 K/W. The diffraction grating employed in the external cavity is a Thorlabs GR13-1208 reflective metal grating, featuring an engraved line density of 1200 lines/mm and a central wavelength optimized for 635 nm operation. The effective grating area is 12.7 mm × 12.7 mm. The rotating mirror is modeled as a BB1-E02 mirror with a diameter of 25.4 mm. Both the mirror and the diffraction grating are coated with a thin silver layer to enhance optical reflectivity. The key design parameters and optical properties of the ECDL are summarized in Table 1. Under these conditions, the coupled output mode of the laser is illustrated in Figure 4.
TABLE 1 | Material properties used in the Comsol Multiphysics simulations.	Parameter	Variable	Value
	Reflection coefficient of the front surface of LD	R1	0.95
	Reflection coefficient of the surface behind LD	R2	0.05
	Transmittance of the LD front surface	T2	0.95
	Equivalent inner cavity length	Lic	0.635 mm
	Internal cavity longitudinal mode number	qic	2000
	Grating constant	d	833.3 nm
	Peak reflection coefficient of the grating	RD	0.65
	Number of lines illuminated by grating	N	3000
	Reflection coefficient of the mirror	R3	0.95
	External optical path length	Lec	25.4 mm
	Outer cavity longitudinal mode number	qec	80,000
	Central wavelength	λc	635 nm
	Tune the wavelength range	λ	635–640 nm


[image: Line graph visualizing the simulation result of coupling output modes of an external cavity diode laser with four overlaid curves: ECDL coupled output mode in black, internal cavity output mode in red dashed, external cavity output mode in blue dash-dot, and raster selection mode in green dotted. The x-axis shows wavelength in nanometers ranging from 634.6 to 635.4, and the y-axis represents mode gain. The curves are peaked around 635 nanometers with a vertical dashed line marking λc = 635 nanometers.]FIGURE 4 | Coupled output mode of laser.The heat sources in the laser system include Joule heating generated by the laser chip, heat conduction from the driving circuit, and convective heat exchange with the external environment. Thermal simulations were performed using Comsol Multiphysics for geometric meshing and steady-state thermal field solving. All external surfaces of the system were defined as convective boundaries. The ambient temperature was set to 293.15 K to represent natural convection conditions, and the convective heat transfer coefficient was specified as 12 W/(m2·K). To simulate the effect of active thermal management, the temperature on the cold side of the temperature-controlled baseplate was maintained at a constant value of 293.15 K, representing steady-state operation under the TEC regulation. Overall, these boundary conditions are intended to realistically reproduce the operating environment of the laser system under natural convection cooling combined with active TEC temperature control. To balance computational accuracy and efficiency, the model was appropriately simplified. Since the optical coating layers are sufficiently thin and have a negligible influence on the thermal and mechanical behavior of the device, coating features were omitted from the geometric model. The material properties used in the simulation are summarized in Table 2.
TABLE 2 | Physical property parameters used in Comsol simulation.	Components	Material	Conductivity of heat/(W/m*K)	Coefficient of thermal expansion/(m/°C)	Young’s modulus/GPa	Poisson’s ratio
	Laser diode	GaAs	55	6.0E-6	85	0.31
	Heat sink	CuW	160	7.2E-6	330	0.31
	Base	AlN	180	4.6E-6	330	0.24
	Mirror	N-BK7	1.114	7.1E-6	81.5	0.208
	Grating	N-BK7	1.114	7.1E-6	81.5	0.208
	Support arm	Al6061	167	6.9E-6	61.1	0.29


The coated metal layer on both the grating and mirror is extremely thin; therefore, its mechanical effect is negligible, and only the thermoelastic behavior of the quartz substrate is considered in the analysis.
3.3 Temperature field simulation results
To systematically evaluate the thermal stability of the laser system under varying environmental conditions, a parameter sweep was performed. The external convective boundary temperature was incrementally raised from 293.15 K to 313.15 K in steps of 2 K, generating a total of 11 steady-state simulation cases. This series was designed to quantify the impact of ambient temperature changes on the laser chip temperature rise, the associated thermal drift of optical components, and the overall thermal equilibrium of the system.
Figure 5a shows the simulated steady-state temperature field of the laser system at an ambient temperature of 293.15 K. The maximum temperature (T_max = 300.63 K) is localized at the center of the laser diode. Heat from this region is effectively conducted through the high-thermal-conductivity CuW base. The propagating Gaussian beam deposits optical power on the surfaces of the diffraction grating and the mirror, as shown in Figures 5b,c. Owing to the mirror’s high reflectivity, the resulting surface temperature rise is markedly lower on the mirror (0.74 K) than on the grating (3.31 K), contributing to an overall state of low and uniform temperature distribution across the system. As the ambient temperature is increased to 313.15 K (Figure 6), the entire temperature field shifts upward. Concurrently, the thermal non-uniformity on the grating surface becomes more pronounced.
[image: Figure with three panels labeled (a), (b), and (c); (a) shows a 3D schematic diagram of the tunable laser device (as shown in Figure 3), which includes a reflective grating, a laser diode with collimating lens, a rotating prism with supporting arms, and the temperature control base plate. Colored are blue and orange, with axes in the corner. (b) displays a heatmap with a central red area surrounded by blue, representing a concentrated region within a rectangular field, with a vertical color scale bar indicating intensity. (c) presents a similar heatmap as (b) but with a narrower vertical field, showing the same central concentration and a matching color scale bar.]FIGURE 5 | Temperature distribution at an ambient temperature of 293.15 K. (a) Contour plot of the temperature field across the entire system. (b) Temperature profile on the grating surface. (c) Temperature profile on the mirror surface.[image: Panel (a) shows a 3D illustration of a simulation model with colored prism-shaped components mounted on a rectangular platform. Panel (b) displays a heat map plot with a rectangular region and a color scale from blue to red representing temperature distribution, with the highest intensity at the center. Panel (c) presents a similar heat map plot with a central elliptical hotspot and a vertical rectangular region, using a blue-to-red temperature scale.]FIGURE 6 | Temperature distribution at an ambient temperature of 313.15 K. (a) Contour plot of the temperature field across the entire system geometry. (b) Detailed temperature distribution on the grating surface. (c) Detailed temperature distribution on the mirror surface.The quantitative relationship between component temperature and ambient temperature is plotted in Figure 7a for the range of 295 K–315 K. All three components—the chip, grating, and mirror—exhibit an approximately linear temperature increase. However, their sensitivities to ambient fluctuations differ significantly. The mirror displays the highest sensitivity, with a slope near unity, indicating its surface temperature closely tracks the ambient change. In contrast, the chip and grating respond more gradually, with slopes of approximately 0.3, demonstrating a greater degree of thermal isolation. This difference in thermal response arises from the system’s thermal management architecture.
[image: Panel a presents a line graph showing diode, grating, and mirror surface temperatures increasing with environment temperature, where mirror temperature rises most steeply. Panel b displays maximum temperature differences, showing that grating temperature difference increases with environment temperature while diode and mirror temperature differences remain nearly constant.]FIGURE 7 | Thermal response of the device to ambient temperature changes. (a) Device surface temperature as a function of ambient temperature. (b) Maximum temperature difference within the device versus ambient temperature.Figure 7b illustrates the variation of the maximum surface temperature difference across key optical components within an ambient temperature range of 290 K–315 K. As the ambient temperature rises, the grating’s average surface temperature increases from 296.4 K to 302.2 K, while its maximum surface temperature difference grows from 3.31 K to 6.91 K—an increase of over 100%. This makes the grating the primary source of thermal inhomogeneity in the system. Through the material’s thermal expansion, these gradients cause local bending and surface distortion. Such distortion degrades the optical wavefront quality of the grating, introduces aberration, and ultimately reduces the coupling efficiency and mode purity of the feedback light.
By evaluating the system thermal resistance—defined as the temperature rise per unit heating power—it is found that an increase in ambient temperature from 293.15 K to 313.15 K lowers the overall thermal resistance from 157.9 K/W to 146.3 K/W. This reduction indicates improved heat dissipation at elevated temperatures. However, it also implies that the operating temperature of the laser chip becomes more sensitive to ambient fluctuations. These results underscore the need for targeted thermal optimization of key components, particularly the diffraction grating.
3.4 Multiphysics simulation of thermo-mechanical effects
The steady-state temperature field obtained from the thermal simulation was applied as a thermal load to the structural model using a thermo-mechanical coupling module. To analyze the resulting deformation, fixed constraints were applied to the temperature-controlled baseplate and one end of the support arm. Figure 8 presents the corresponding von Mises stress distribution within the system.
[image: Panel (a) and panel (b) both display three-dimensional renderings of a mechanical component with von Mises stress distributions indicated by color gradients, comparing stress effects at different environmental temperatures. Panel (a), at 293.15 kelvin, shows a color scale up to 1.8 megapascal, indicating lower stress, while panel (b), at 313.15 kelvin, shows a scale up to 60 megapascal, indicating higher stress concentrations mainly on the vertical central component. Both panels include labeled axes and a color bar for reference.]FIGURE 8 | Contour plots of the von Mises stress distribution within the system at two ambient temperatures. (a) 293.15 K. (b) 313.15 K.At 293.15 K, the surface von Mises stress across the device was generally low, with key components including the diffraction grating, diode, and mirror all exhibiting stresses below 2 MPa (see Figure 8a). Only localized stress concentrations were present in connecting regions such as the mirror support arm, accompanied by mild stress gradients. These results indicate weak mechanical constraint against thermal deformation under baseline conditions, corresponding to a low-stress equilibrium state of the system.
When the ambient temperature was increased to 313.15 K, the stress distribution displayed a pattern of overall elevation with pronounced local intensification, as shown in Figure 8b.
The rise in stress levels originates from distinct thermo-mechanical coupling mechanisms in each component. For the diffraction grating, asymmetrical thermal coupling to the substrate induces non-uniform thermal expansion. The resulting deformation is partially constrained by the temperature-controlled baseplate, leading to localized stress concentration and a maximum surface stress of approximately 20 MPa. In the case of the mirror support arm, its dual mechanical role—restraining the thermal expansion of the mirror while transmitting the angular load imposed by external-cavity tuning—results in intensified stress concentration under thermo-mechanical coupling, with the peak stress reaching about 60 MPa.
Figure 9a shows the surface displacement of diffraction grating, mirror and diode as a function of the ambient temperature. As the ambient temperature increased from 290 K to 315 K, the surface displacement of the grating increased from 0.04144 μm to 0.29277 μm, while that of the laser diode rose from 0.28702 μm to 0.45327 μm. The underlying mechanism is as follows: The grating substrate is fabricated from fused quartz with a low thermal expansion coefficient and is interfaced with the temperature-controlled baseplate. The fixed constraints of the baseplate counteract the thermal expansion at the junction. Although the laser diode exhibits a higher thermal expansion coefficient (5.7E-6 K−1) than fused quartz, it is encapsulated in a high-performance temperature control structure, which significantly suppresses thermally induced displacement. The thermal expansion of the aluminum alloy support arm is constrained by the fixed end, which will cause a significant displacement of the mirror.
[image: Panel a, a line graph, shows mirror displacement increasing steeply with temperature, while diode and grating displacement remain nearly flat. Panel b, a line graph, shows mirror angle deflection rising with temperature and grating angle deflection staying near zero.]FIGURE 9 | Mechanical and optical responses to ambient temperature variation. (a) Surface displacement as a function of ambient temperature. (b) Angular deflection (from the normal) versus ambient temperature.Combined with the deformation gradient of the device and the initial normal vector, the angular torsion at the surface of each device is shown in Figure 9b. When the environmental temperature increased from 293.15 K to 315 K, the deflection angle increased from 0.0° to 0.02°. Although the deflection angle of the optical path is very small, for the filter structure composed of diffraction gratings and mirrors, the deflection angle of the optical path will cause an angle mismatch of the light beam on the mirror surface, change the coupling efficiency of the central wavelength, and cause the central wavelength to drift.
High thermal stress in the diffraction grating at elevated temperatures aggravates non-uniform deformation of the groove spacing, degrading the accuracy of wavelength selection. The results show that the grating constant increases slightly from 833.33 nm, with a maximum observed change of 0.04 nm when the ambient temperature rises to 313.15 K. Although this change is not sufficient to affect the main diffraction order, it will cause subpixel perturbations in the wavelength selection mechanism. The (maximum) stress in the mirror support arm must be kept below the yield strength of the material (e.g., aluminum alloy) to prevent fatigue failure during prolonged operation. This result provides a direction for the subsequent optimization of the thermal coupling structure of the core components (such as the heat sink on both sides of the grating) and the alleviation of the mechanical constraints of the support arm.
3.5 The effect of deflection variation on optical properties
The coupling efficiency loss is defined as the relative difference between the feedback light coupling efficiency in the deformed state (313.15 K) and the initial non-deformed state (293.15 K). The total coupling efficiency (η) is governed by the product of three key factors: η = ηG· ηM· ηoverlap. Where ηG is the grating diffraction efficiency, ηM is the mirror reflection efficiency, and ηoverlap is the overlap degree between the feedback light wavefront and the LD active region. The key parameters for both states are summarized in Table 3.
TABLE 3 | Key parameters for coupling efficiency calculation.	Operational state	Grating diffraction efficiency (ηG)	Mirror reflection efficiency (ηM)	Active region overlap degree (ηoverlap)	Total coupling efficiency (η)
	Non-deformed (293.15 K)	65%	95.0%	98.0%	61.16%
	Deformed (313.15 K)	63.5%	95.0%	95.5%	59.83%


The relative coupling efficiency loss is calculated as:
Δη=η0 -η1 / η0×100%=61.16%–59.83% / 61.16 %×100 %≈2.17%
The reduction in ηG is attributed to the thermally induced angular offset of the diffraction grating, while the decrease in ηoverlap stems from wavefront distortion of the feedback light caused by mirror tilt and external cavity length variation.
Figure 10 presents a schematic of the beam propagation after deformation. A systematic analysis was performed to evaluate the laser performance based on the Littman configuration, considering the mode-hop-free (MHF) tuning condition and measured deformation parameters. The study focused on three core aspects: mode matching, wavelength stability, and feedback coupling efficiency, examining the effects of variations in the internal and external cavity lengths as well as grating alignment. These changes degrade laser performance by altering the feedback coupling efficiency. The underlying mechanism and its consequences are analyzed below.
[image: This figure shows the diffraction grating and the reflector. The blue curved surface represents the deformation. Red and green lines represent rays intersecting the surfaces at different points, labeled with variables r, n, n', α, β, and Δz. X and Z axes are shown at the lower left.]FIGURE 10 | Schematic of beam propagation following thermo-mechanical deformation of the optical assembly.The MHF operation of the Littman-type ECDL requires precise frequency matching between the longitudinal modes of the internal (laser diode) cavity and the external cavity: ΔMHF = FSRecλ2/2c = 4.0 p.m. Key displacement and angular deviations of the optical components at 313.15 K, which underpin the following analysis, are summarized in Table 4.
TABLE 4 | Variation of system parameters at 313.15 K.	Device deflection variation	Numerical value
	Deflection angle of grating surface	ΔθG= 1.451E-4°
	Deflection angle of the mirror surface	ΔθM=0.022147°
	Changes in the length of the inner lumen	ΔLic = 0.453 um
	Changes in the length of the external cavity	ΔLec = 10.983 um


Thermal deformation alters the optical lengths of both cavities (ΔLic for the internal cavity, ΔLec for the external cavity). The increase in Lic causes a redshift of its resonant wavelength (approximately 0.47 p.m.), while the decrease in Lec induces a blueshift (approximately 0.29 p.m.). Their combined effect results in a net mode mismatch of approximately 0.76 p.m. at the initial operating wavelength. Importantly, this mismatch remains within the ΔMHF, indicating that the cavity-length changes alone do not exceed the condition for mode-hop-free operation.
Significant parameter shifts occur in the grating and mirror: the grating constant increases from 833.33 nm to 833.37 nm, the grating incidence angle decreases by 1.45203E-4° from 75°, and the mirror surface develops a tilt of 0.02217°. Consequently, to maintain perpendicular incidence on the tilted mirror, the first-order diffraction angle must increase by the same 0.02217°. Applying the grating equation with these updated parameters shows that the central wavelength selected by the grating shifts to λc′ ≈ 634.7117 nm—a drift of 288.3 p.m. from the initial value (see Figure 11b). This large shift substantially exceeds ΔMHF, thereby violating the frequency-matching condition required for stable, mode-hop-free operation.
[image: Panel (a) shows a line chart comparing original and disturbed coupled output modes, with two main peaks: the original at 635.000 nanometers in black and the disturbance at 634.809 nanometers in red. Panel (b) presents a line chart comparing original and disturbed grating selection modes, using dotted lines in brown and orange, revealing a modal shift after disturbance across similar wavelengths. Both charts have labeled axes and legends for clarity.]FIGURE 11 | Influence of cavity length variation and angle deflection on ECDL performance. (a) Comparison of coupled Output Modes; (b) Comparison of spectral selectivity for different grating alignment modes.Although the mean resonant wavelengths of the two cavities drift by only about 0.38 p.m., the narrowband filtering of the grating (with N = 3000 lines and a bandwidth ≈0.1 nm) forces the peak of the coupled gain to align with the shifted selection wavelength λc′. The ultimate lasing mode is determined by the interplay of the internal cavity gain, the external cavity feedback, and the grating’s spectral selectivity. As a result, the output wavelength is pulled to 634.809 nm, corresponding to a total drift of 0.191 nm (Figure 11a). This shift is accompanied by a reduction in coupling efficiency of approximately 2.17%.
4 DISCUSSION
4.1 Validation via comparison with published thermal drift data
To validate the reliability of the multi-physics simulation model, the wavelength-temperature sensitivity (dλ/ dT) extracted from our results is compared with publicly reported data for analogous Littman/Littrow-type ECDL. Our simulation yields a total wavelength drift of 0.191 nm over a 20 K ambient temperature range, corresponding to a sensitivity of dλ/ dT = 9.55 pm/K.
The deviation between our predicted sensitivity and the published values is less than 7%, confirming that our model accurately captures the dominant thermo-mechanical mechanisms of wavelength drift in ECDL. The minor discrepancies are attributed to differences in laser cavity geometry, material thermal properties, and operating power levels across the studies.
4.2 Engineering relevance under realistic TEC stabilization
While the manuscript initially analyzes a 20 K ambient temperature variation to identify thermo-mechanical trends, practical ECDL systems utilize thermoelectric controllers (TECs) with sub-Kelvin stability. To assess the real-world impact of the modeled effects, a sensitivity analysis is performed using the linear dλ/ dT = 9.55 pm/K relationship (validated by the linear trends in Figures 7, 11).
	TEC stability ±0.1 K: Wavelength drift = 9.55 pm/K×0.1 K = ±0.955 pm.
	TEC stability ±0.01 K: Wavelength drift = 9.55 pm/K×0.01 K = ±0.0955 pm.
	TEC stability ±0.001 K: Wavelength drift = 9.55 pm/K×0.001 K = ±0.00955 pm.

These results demonstrate that under standard TEC stabilization (±0.01 K), the thermo-mechanically induced wavelength drift is suppressed to the sub-picometer level, which meets the requirements of most high-precision applications. However, for uncooled ECDL or systems operating in harsh environments with large temperature fluctuations, the thermo-mechanical effects remain a critical bottleneck (e.g., 0.191 nm drift over 20 K), highlighting the importance of the structural optimization strategies proposed in this work.
This study clarifies the thermal-mechanical stability mechanisms of a 635 nm Littman-type ECDL via multi-physics coupled simulations, addressing the core challenge of temperature-induced performance degradation in high-precision use cases.
Raising ambient temperature from 293.15 K to 313.15 K reduces the system’s thermal resistance (157.893 K/W to 146.271 K/W). This boosts thermal diffusion efficiency but also heightens the laser chip’s sensitivity to environmental fluctuations—a clear trade-off in thermal management design. The diffraction grating’s surface temperature difference doubles (3.31 K–6.91 K) with increasing ambient temperature, emerging as the main source of thermal inhomogeneity. This temperature gradient causes a 0.04 nm change in the grating constant through surface distortion, directly undermining wavelength selection precision—critical for Littman-type ECDL that depend on grating structural uniformity.
Structurally, the mirror support arm develops a peak stress of 60 MPa at 313.15 K due to combined thermal expansion restraint and tuning load transmission. Thermal expansion of the aluminum alloy support arm drives substantial mirror displacement, creating a 0.022° angular offset in the optical feedback path. Together with inner/outer cavity length variations (0.453 μm and 10.983 μm), these structural changes lead to a 0.191 nm wavelength drift and 2.17% coupling efficiency loss—both surpassing high-precision application thresholds.
This conclusion is supported by authoritative references defining the wavelength stability thresholds for key high-precision applications: Precision spectroscopy: [11] established that wavelength stability better than 0.5 p.m. is required to resolve narrow atomic transition lines in cavity ring-down spectroscopy. Quantum communication: [16] demonstrated that wavelength drift exceeding 1 p.m. degrades the bit error rate of quantum key distribution systems below acceptable levels. High-precision gas sensing: [32] reported that a 3 p.m. wavelength drift introduces a relative error of >0.1% in trace gas concentration measurements.
The predicted 0.191 nm (191 p.m.) drift in the unoptimized system exceeds these thresholds by one to two orders of magnitude, confirming the critical need for thermo-mechanical optimization in high-performance ECDL design.
This article discusses three issues existing in the current ECDL design: the non-uniformity of grating heat, the stress concentration of the mirror support arm, and the micro-deformation of the core component. Most previous studies have mainly focused on electro-optic tuning or optical feedback enhancement, while neglecting these thermal-mechanical coupling effects.
The limitations of this scheme include: simplification of the modeling of optical coatings, failure to consider vibration and humidity factors, and the adoption of idealized boundary conditions. Future work will validate the simulation results through prototype testing, expand the model to cover various environmental factors, and optimize the design through symmetrical grating thermal coupling, modification of support arm structure, and use of low thermal-mechanical mismatch materials. Long-term cyclic temperature testing will further evaluate the durability of the optimized design.
5 CONCLUSION
This study investigates the thermo-mechanical stability of a 635 nm Littman-type ECDL under varying ambient temperatures, with a focus on the critical challenge of temperature-induced performance degradation in high-precision applications. Integrated thermal and structural analyses reveal that combined effects—including inner/outer cavity length variations and grating distortion—cause an output wavelength drift of 0.191 nm (exceeding typical high-precision stability thresholds) and a 2.17% reduction in coupling efficiency. The results identify three principal bottlenecks that limit the overall thermo-mechanical stability of ECDL: thermal non-uniformity across the diffraction grating, stress concentration in the mirror support arm, and micro-deformations of core optical components. To mitigate these issues, the study proposes a series of design countermeasures: implementing symmetric thermal coupling for the grating, structurally optimizing the support arms, and employing materials that minimize thermo-mechanical mismatch. These interventions are essential for alleviating the observed performance degradation. Overall, this work provides key design guidelines for developing high-stability ECDL, thereby facilitating their broader adoption in demanding fields such as precision spectroscopy, optical sensing, and quantum communication.
Future work will focus on experimental validation of the simulation model via fabrication and testing of a 635 nm Littman-type ECDL prototype. Wavelength drift measurements under controlled ambient temperature variations (293.15 K–313.15 K) will be performed using a wavemeter with sub-picometer resolution, and the results will be used to refine the multi-physics model. Long-term cyclic temperature testing will also be conducted to evaluate the thermal durability of the proposed optimized structures. The insights gained from this study provide a quantitative framework for the design of ECDL with ultra-high wavelength stability for next-generation precision optical applications.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
MZ: Investigation, Software, Writing – review and editing, Writing – original draft. JC: Methodology, Conceptualization, Supervision, Software, Investigation, Writing – original draft. YW: Formal Analysis, Writing – original draft, Data curation, Conceptualization. XW: Writing – original draft, Resources, Project administration. HW: Writing – review and editing, Writing – original draft, Software. FD: Conceptualization, Funding acquisition, Writing – original draft, Formal Analysis, Data curation. LD: Writing – review and editing, Writing – original draft.
FUNDING
The author(s) declared that financial support was received for this work and/or its publication. The project is sponsored by National Key R&D Program of China (No. 2025ZD1200704); National Natural Science Foundation of China (NSFC) (Nos 62505163, 62235010, 62501370, 62475137, and 62405042); Fundamental Research Program of Shanxi Province, China (Nos 202403021212183 and 202303021222034); Scientific and Technological Innovation Programs of Higher Education Institutions in Shanxi Province of China (No. 2024L014); Research Project Supported by Shanxi Scholarship Council of China (No. 2025-060); Shanxi Provincial Special Fund for Scientific and Technological Cooperation and Exchange (202404041101022 and 202304041101019). This work is also supported by Hubei Province Major Science and Technology Project, “3D NAND production Line Ultra-fine Tunable Narrow Linewidth Laser Technology Research and Development”.
CONFLICT OF INTEREST
The author(s) declared that this work was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
GENERATIVE AI STATEMENT
The author(s) declared that generative AI was not used in the creation of this manuscript.
Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.
REFERENCES
	Heim D, Bose D, Liu K, Isichenko A, Blumenthal DJ. Hybrid integrated ultra-low linewidth coil stabilized isolator-free widely tunable external cavity laser. Nat Commun (2025) 16(1):5944. doi:10.1038/s41467-025-61122-4

	Sheng L, Liu Z, Wang J, Liu L, Yin B Zhang Z, et al. Mode-hop-free wavelength-tunable semiconductor lasers covering the S+ C+ L band via external-cavity optical feedback. Front Phys (2025) 13:1586316. doi:10.3389/fphy.2025.1586316

	Kolodzie N, Mirgorodskiy I, Nölleke C, Schmidt PO. Ultra-low frequency noise external cavity diode laser systems for quantum applications. Opt Express (2024) 32(17):29781–94. doi:10.1364/OE.530087

	Zhang A, Qiao S, Sheng L, Huang L, Liu Z Ju J, et al. Study on external cavity diode laser with a wide mode-hopping free tuning range. Front Phys (2022) 10:1093179. doi:10.3389/fphy.2022.1093179

	Shin DK, Henson BM, Khakimov RI, Ross JA, Dedman CJ Hodgman SS, et al. Widely tunable, narrow linewidth external-cavity gain chip laser for spectroscopy between 1.0-1.1 µ m. Opt Express (2016) 24(24):27403–14. doi:10.1364/OE.24.027403

	Chang R, He J, Wang J. Interference filter based external-cavity diode laser with combined dual interference filters and largely adjustable feedback range. Physica Scripta (2023) 98(12):125111. doi:10.1088/1402-4896/ad0943

	Corato-Zanarella M, Gil-Molina A, Ji X, Shin MC, Mohanty A, Lipson M. Widely tunable and narrow-linewidth chip-scale lasers from near-ultraviolet to near-infrared wavelengths. Nat Photon (2023) 17(2):157–64. doi:10.1038/s41566-022-01120-w

	Sheng L, Wang J, Huang L, Zhang A, Zhang Z Qiao S, et al. Advances in narrow linewidth and wide tuning range external-cavity wavelength-swept lasers. Front Phys (2024) 12:1380905. doi:10.3389/fphy.2024.1380905

	Duca L, Perego E, Berto F, Sias C. Design of a Littrow-type diode laser with independent control of cavity length and grating rotation. Opt Lett (2021) 46(12):2840–3. doi:10.1364/OL.423813

	Merrill R, Olson R, Bergeson S, Durfee DS. Increasing the output of a Littman-type laser by use of an intracavity faraday rotator. Appl Optics (2004) 43(19):3910–4. doi:10.1364/ao.43.003910

	Boshier MG, Berkeland D, Hinds EA, Sandoghdar V. External-cavity frequency-stabilization of visible and infrared semiconductor lasers for high resolution spectroscopy. Opt Communications (1991) 85(4):355–9. doi:10.1016/0030-4018(91)90490-5

	Genty G, Kaivola M, Ludvigsen H. Measurements of linewidth variations within external-cavity modes of a grating-cavity laser. Opt Communications (2002) 203(3-6):295–300. doi:10.1016/s0030-4018(02)01106-9

	Liang W, Ilchenko VS, Eliyahu D, Savchenkov AA, Matsko AB Seidel D, et al. Ultralow noise miniature external cavity semiconductor laser. Nat Communications (2015) 6(1):7371. doi:10.1038/ncomms8371

	Briles TC, Yost DC, Cingöz A, Ye J, Schibli TR. Simple piezoelectric-actuated mirror with 180 kHz servo bandwidth. Opt Express (2010) 18(10):9739–46. doi:10.1364/OE.18.009739

	Voloshin AS, Attanasio A, Siddharth A, Bianconi S, Bancora A Shadymov V, et al. Monolithic piezoelectrically tunable hybrid integrated laser with sub-fiber laser coherence. Optica (2025) 12(9):1442–51. doi:10.1364/optica.557578

	Miyashita T, Kondo T, Ikeda K, Yoshii K, Hong FL, Horikiri T. Offset-locking-based frequency stabilization of external cavity diode lasers for long-distance quantum communication. Jpn J Appl Phys (2021) 60(8):086501. doi:10.35848/1347-4065/ac2e67

	Palmer S, Boes A, Ren G, Nguyen TG, Tempone-Wiltshire SJ Longhurst N, et al. High bandwidth frequency modulation of an external cavity diode laser using an intracavity lithium niobate electro-optic modulator as output coupler. APL Photon (2022) 7(6):066102. doi:10.1063/5.0097880

	Perin G, Mammez D, Congar A, Besnard P, Manamanni K Roncin V, et al. Compact fiber-ring resonator for blue external cavity diode laser stabilization. Opt Lett (2021) 46(20):5097–100. doi:10.1364/OE.435513

	Zhang Q, Wu Z, Cai W, Zhuang Y, She Y. Spectral-combined beam characteristics based on external cavity feedback diode laser array. Opt Eng (2023) 62(6):066111. doi:10.1117/1.oe.62.5.056101

	Brauda D, Thiem H, Schütz M, Hager M.Low SWaP miniaturized fiber coupled external cavity diode laser (ECDL) with high optical isolation as plug and play solution[C]//Components and packaging for laser Systems IX. SPIE (2023) 12402:16–22. doi:10.1117/12.2655117

	Masui S, Goda S, Kadoya S, Michihata M, Takahashi S. Grating periods measurement of multi-pitched grating using Littrow configuration external cavity diode laser. Appl Phys Express (2021) 14(7):072001. doi:10.35848/1882-0786/ac04c1

	Adams M, Holly C, Rauch S, Traub M. GPU-accelerated wave-optical model for external-cavity diode lasers. Opt Lett (2021) 46(18):4640–3. doi:10.1364/OL.419225

	Mine S, Kawase K, Murate K. High-power ASE-Free fast wavelength-switchable external cavity diode laser. Appl Opt (2021) 60(19):5631–7. doi:10.1364/AO.416033

	Han J, Zhang J, Shan X, Peng H, Zhang Y, Wang L. High-power narrow-linewidth diode laser pump source based on high-efficiency external cavity feedback technology. Chin Opt Lett (2022) 20(5):052701. doi:10.3788/col202220.081401

	Wenzel S, Brox O, Casa PD, Wenzel H, Arar B Kreutzmann S, et al. Monolithically integrated extended cavity diode laser with 32 kHz 3 dB linewidth emitting at 1064 nm. Laser and Photon Rev (2022) 16(9):2100605. doi:10.1002/lpor.202200442

	Han J, Zhang J, Zhang Y, Peng H, Zhang J Ye S, et al. Dual-wavelength high-power narrow-linewidth operation in diode lasers via beam-splitting external cavity. Opt Lett (2025) 50(2):183–6. doi:10.1364/ol.565759

	Abdulrhmann S, Alhasan AM, Madkhli AY. Dynamics of semiconductor laser coupled with two external cavities. Appl Sci (2023) 13(5):2734. doi:10.3390/app132312827

	Chi M, Müller A, Hansen AK, Jensen OB, Petersen PM, Sumpf B.Micro-integrated high-power narrow-linewidth external-cavity tapered diode laser at 762 nm for daylight imaging. Opt Express (2022) 30(8):12294–304. doi:10.1016/j.optcom.2022.128120

	Zhang W, Liu W, Wang J, Cao P, Chen J Ting F, et al. High-brightness and high-efficiency diode laser module based on double wavelength division multiplexing external cavities. Opt Lett (2022) 47(16):3985–8. doi:10.1364/OL.469352

	Ding K, Ma Y, Wei L, Li X, Shi J Li Z, et al. Research on narrow linewidth external cavity semiconductor lasers. Crystals (2022) 12(6):835. doi:10.3390/cryst12070956

	Krinner L, Dietze K, Pelzer L, Spethmann N, Schmidt PO.Low phase noise cavity transmission self-injection locked diode laser system for atomic physics experiments. Opt Lett (2024) 49(4):938–41. doi:10.1364/OE.514247

	Tang H, Zhao H, Wang R, Li L, Yang Z Wang H, et al. 18W ultra-narrow diode laser absolutely locked to the Rb D2 line. Opt Lett (2021) 46(22):5705–8. doi:10.1364/OE.442523

	Nyaupane PR, Likamwa PL, Braiman Y. Spectral linewidth narrowing of two broad-area blue laser diodes (445 nm) with a common external cavity. Opt Lett (2021) 46(5):1122–5. doi:10.1364/OL.425409

	Daffurn A, Offer RF, Arnold AS. A simple, powerful diode laser system for atomic physics. Appl Opt (2021) 60(22):6297–302. doi:10.1364/AO.426844

	Qi J, Lan T, Zhang J, Li Y, Lou Y Qin F, et al. Self-organized phase-locking of a mixed-resonant cavity diode laser array enabled by on-chip talbot effect. Chin Phys B (2025) 34(1):014208. doi:10.1088/1674-1056/ade387

	Congar A, Gay M, Perin G, Mammez D, Simon JC Besnard P, et al. Narrow linewidth near-UV InGaN laser diode based on external cavity fiber bragg grating. Opt Lett (2021) 46(1):90–3. doi:10.1364/OL.409789

	Lu F, Li J, Zhang W, Tian F, Tan H Ye Y, et al. Far field output distribution features for spectral beam combining of diode laser array stack in an external cavity. Optik (2022) 253:168640. doi:10.1016/j.ijleo.2021.168483

	Zhu Y, Qiu B, Li W, Liu Z. Mode-hop-free synchronous tuning range extension of an uncoated external cavity diode laser based on PZT hysteresis characteristic compensation. Appl Phys B (2024) 130:200. doi:10.1007/s00340-024-08342-6

	Gong H, Liu Z, Zhou Y, Zhang W, Lv T. Mode-hopping suppression of external cavity diode laser by mode matching. Appl Opt (2014) 53(4):694–701. doi:10.1364/AO.53.000694

	Jetter M, Michler P. Vertical external cavity surface emitting lasers. Wiley Online Library (2021).


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2026 Zhang, Chen, Wang, Wang, Wu, Dong and Dong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphy-14-1789490-g010.jpg





OPS/images/fphy-14-1789490-g011.jpg
Normalized gain

(a) Comparison of coupled Output Modes

(Cavity length variation + Angle deflection)

Disturbance peak:

1k 634.809 nm Original peak:
635.000 nm
Original coupled
output mode
0.8 Coupled output mode

after disturbance
@  Original peak
@  Disturbance peak

0.6

0.4

0.2

0
634.6 634.7 6348 6349

635 635.1
Wavelength (nm)

635.2

635.3 6354

o o
o ®

N
~

Normalized reflection coefficient

0.2

0"
634.6 6347 6348 634.9

Comparison of grating Selection Modes

Original grating mode
Grating mode after disturbance

]

635.3 6354

635 635.1 635.2

Wavelength (nm)





OPS/images/fphy-14-1789490-g005.jpg
302

301

300

209

208

207

206

205

200

28]

27

2

25

2

2

22

21

20

19

1

17

16

15

1

13

(b)

296

205

208

21

25,

2

2

2

2

20}

19

18

)

16

15,

14

1

1

P

200

204





OPS/images/fphy-14-1789490-g004.jpg
Simulation result of coupling output mode of the ECDL

ECDL coupled output mode
= = = Internal cavity output mode

— External cavity output mode

-~ Raster selection

mode

635.1 635.2 635.3 635.4

635
‘Wavelength (nm)

634.8 634.9

634.7

08
06

ured Apo Al





OPS/images/fphy-14-1789490-g002.jpg
Mirror

Collimating
R2, T2 lens

Emerging
light

R1

—_---""Diffraction
grating





OPS/images/fphy-14-1789490-g006.jpg
ne

m

310

308

306

304

302

300

208

206

204

2

26

25

2

2

2

2

20

19

18,

|

16/

15|

14

13

302 2|
(b) ; (c)

301 =

2
300 =

20

19
299

18

iy
298

16,

15|
297

14

13
296

12

ne

e





OPS/images/fphy-14-1789490-g009.jpg
@

—a— Diode displacement
—— Grating displacement
—— Mairror displacement

3

Magnitude of displacement (um)
w

o

290 295 300 305 310 315
Environment temperature (K)

C

—o— Grating Angle deflection
—a— Mirror Angle deflection

0.02

Angle deflection (deg)
=3
s

0.00

290 295 300 305 310 315
Environment temperature (K)





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Thermal and mechanical stability enhancement of a 635 nm Littman-type external cavity diode laser		1 INTRODUCTION

		2 THEORETICAL MODELING AND PROBLEM FORMULATION		2.1 Thermal modeling of the external cavity

		2.2 Structural deformation analysis under thermal load

		2.3 Influence of structural deflection change on optical performance





		3 SIMULATION MODEL AND RESULTS		3.1 Mesh division and grid independence verification

		3.2 Thermo-mechanical-optical modeling of the external-cavity tunable laser

		3.3 Temperature field simulation results

		3.4 Multiphysics simulation of thermo-mechanical effects

		3.5 The effect of deflection variation on optical properties





		4 DISCUSSION		4.1 Validation via comparison with published thermal drift data

		4.2 Engineering relevance under realistic TEC stabilization





		5 CONCLUSION

		DATA AVAILABILITY STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		REFERENCES









OPS/images/cover.jpg
, frontiers
in Physics






OPS/images/fphy-14-1789490-g007.jpg
(@)

315
—a— Diode temperature
—a— Grating temperature

310 —&— Mirror temperature

&

Surface temperature (K)
g

295

290 295 300 305 310 315
Environment temperature (K)

C

Maximum temperature difference (K)

—o— Diode temperature difference
—— Grating temperature difference
—a— Mirror temperature difference

300 305
Environment temperature (K)

315





OPS/images/fphy-14-1789490-g003.jpg
Laser diode +

collimating lens )
1 Rotating prism with
piezoelectric drive

Reflective

grating
Solder 1

Rotating
support arm

Temperature
control base plate

635 - 640nm tunable laser output





OPS/images/fphy-14-1789490-g008.jpg
T env(1)=293.15 K von Mises stress (MPa) T_env(11)=313.15 K von Mises stress (MPa)

MPa MPa
(@ (®)

18

60
16
14 50
12

40
1
08 *
0.6

20
04

10
0.2
o o






OPS/images/fphy-14-1789490-g001.jpg
Mirror

Collimating Zero-order
lens diffraction light

v * Diffraction
7z First-order grating
diffraction light
feedback
X









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Physics





