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Free space communications between ground stations and geostationary satellites offer high-speed and secure data transmission, but compensating for atmospheric absorption poses a significant challenge. The need for high levels of beam power to overcome atmospheric losses calls for optics that can withstand strong flux, especially in the continuous wave (CW) regime. In this context, the absorption of optics at 1.5 µm is a critical parameter that must be accurately measured and understood to develop efficient and reliable photonic systems.

This study focuses on the absorption of optical coatings at 1570 nm. Lock-In Thermography (LIT) has been developed to measure the total absorption of the coatings with high sensitivity under 1 ppm. A modulated 100 W CW laser is used to induce heating into the coating stack, and the resulting rise in internal temperature is measured with a thermal camera. The LIT experimental setup offers a non-destructive and non-contact measurement technique, making it ideal for assessing the absorption of delicate thin-film coatings.

To understand the photo induced effects in a stack of thin film layers subjected to high-power laser heating, a finite element model is developed using COMSOL. The model simulates the index and thickness variations of each layer and predicts the shift in optical function resulting from photo induced effects. The results offer valuable insights into the impact of laser-induced heating on the optical properties of the coatings and provide guidelines for designing robust and reliable photonic systems.

INTRODUCTION

This section outlines the measurement method that aims to measure the absorption of thin-film components at a wavelength of ~1.5 µm. These absorption values are crucial input data required for evaluating the heating of a component exposed to a laser power flux at 1.5 µm. The literature is limited when it comes to continuous laser exposure at this wavelength, and these measurements will contribute to filling this knowledge gap. Another objective is to model the thermal and spectral behavior of multilayer components under laser flux and validate/recalibrate this model using an operational filter. The model, based on laser parameters, materials, and operating conditions, should enable the assessment of temperature gradients, surface deformations of the component, index variations in the substrate, and resulting surface wave deformations and spectral function variations.

METHOD

We have opted to employ a lock-in thermography technique to carry out absorption measurements. This method has been under development for several years within the laboratory. The primary advantage of this method lies in its relative ease of implementation compared to other techniques, as well as its ability to directly generate absorption maps for a given sample. However, it requires the use of a high-power laser source and a high-performance thermal camera to achieve high sensitivity and detect the desired levels of absorption.

Description of the absorption measurement method

To carry out the absorption measurement at 1.5 µm using thermography, the components are exposed to a continuous high-power laser flux. As the laser passes through the sample, a fraction of the power is absorbed, resulting in localized heating. This temperature variation is quantified by a thermal camera. Through the application of a calibration, it is possible to establish a correlation between this temperature increase and the absorption of the component. Figure 1 illustrates the principle of the employed method. 

Thermal measurement

The thermal camera and its dedicated software enable thermography measurements and post-processing through lock-in detection. During signal acquisition, multiple images are captured and processed using the manufacturer's software. The outcome of this measurement process is a Lock-In Thermography (LIT) image. At the end of the measurement sequence, the thermal image generated by the camera represents surface temperature variations observed within the field of view. Each pixel is consequently linked to a temperature increment in Kelvin, relative to the surface temperature before the measurement.

Figure 2 illustrates the advantage of lock-in detection in signal extraction. On the left, the image is a thermal photograph corresponding to the maximum signal recorded during acquisition. On the right, the result of LIT for the same measurement sequence is depicted.

Figure 2. Extraction of the useful signal using synchronous detection

Calibration method

A calibration process has been established using a reference sample with a high absorption level and thermal parameters close to those of the samples. This process involves depositing particular single layer of Ta2O5 onto Corning C7979 substrates. The objective is to obtain absorption values that can be measured with a calibrated device with a resolution exceeding 10 -2 %. To achieve this, a deposition strategy has been developed to modify the layer's stoichiometry, reducing its oxygen concentration. Spectrophotometric measurements were carried out. For this calibration sample, measurements of transmittance (T) and reflectance (R) were conducted, allowing the calculation of losses (1-R-T). At these levels of absorption, scattering can be considered, in a first approximation, as negligible in the overall loss assessment. Under these conditions, the loss measurement allows quantifying the sample's absorption. The data and absorption values presented in this paper are calibrated using this method. Figure 3 shows the measured losses for the reference sample. The obtained amplitude value during a measurement is multiplied by both the calibration factor and the laser power, yielding an absolute absorption value.

It is important to note that each calibration is specific to the thermal parameters and the thickness of the corresponding substrate. The calibration presented in this context is applicable exclusively to coating depositions made on 2 mm-thick Corning C7979 glass substrates.

MODELS

Within the scope of this work, two models have been developed. The first one enables numerical calculations for simulating the response of a thin-film stack. The second is a finite element model that simulates the heating of an optical component and the subsequent phenomena that occur.

By combining both models, it is possible to calculate the spectral shift of a thin film stack induced by the absorption of a high power laser beam.

Optical coating model

A thin film stack absorption model has been developed with the objective of predicting absorption values for thin-film components of varying designs. This analysis is based on the knowledge of the absorption properties of the constituent materials and the distribution of the electric field within the multilayer stack. This model relies on matrix calculations and complex admittances. [START_REF] Macleod | Thin-film optical filters[END_REF] To implement this model, it is necessary to know the values of extinction coefficients of each layer type. This entails conducting absorption measurements on single layers of materials representative of those used in the filter, using the same coating method. When a specified stack design is provided, the model generates output values for absorption as a function of wavelength. It is important to note that this approach assumes that absorption is intrinsic to the materials and not related to the interfaces within the multilayer structure.

To compare the model with experimental data, an absorption measurement campaign was conducted. It involves performing absorption measurements at different angles of incidence using a rotation stage attached to the sample holder. The objective of this campaign was to validate the model using a dedicated single cavity Fabry-Perot filter developed within the framework of this work.

Absorption measurements at various angles of incidence are of interest due to the Fabry-Perot cavity filter's structure : (HL) ^4 2H (LH) ^4. Indeed, the optical response of the filter undergoes rapid changes as the angle deviates from angle associated with the cavity resonance. Outside of the resonance, the filter no longer transmits but behaves like a mirror. Therefore, an increase in the angle of incidence is expected to lead to a decrease in absorption. The measurements and the model's anticipated result are presented in Table 1.

Angle of incidence (deg) Model Measurement

-10 242 210 2 189 166 10 242 205

Table 1.

Comparison between the model and angular absorption measurements

The observed behavior of these results is due to the fact that the filters were designed to operate at a specific angle of incidence and are not precisely centered on the wavelength of the pump laser. The discrepancy between the experimental and theoretical values may stem from uncertainties in the absorption measurements. It is worth noting that the model derives the extinction coefficients of the layers it uses from these measurements. Additionally, it is possible that the layers within the filter do not have precisely the same extinction coefficient as their corresponding single layers.

COMSOL finite element model

The optical parameters that influence the spectral response of a thin-film stack include the refractive indices and thicknesses of each layer, as well as the refractive index of the substrate. It is important to note that these parameters are modified by the temperature increase and the emergence of thermomechanical stresses. [START_REF] Suhir | An approximate analysis of stresses in multilayered elastic thin films[END_REF] The model was specifically developed to simulate the thermal phenomena involved in establishing the relationships between the heating induced by the optical flux and the changes in mechanical and optical properties of thin films. Numerous input parameters are required for simulation [START_REF] Tien | Simultaneous determination of the thermal expansion coefficient and the elastic modulus of Ta2O5 thin film using phase shifting interferometry[END_REF] , and they are detailed in table 2.

Table 2. Input parameters of the COMSOL finite element model

Based on these parameters, the model simulates surface heating above the optics. Then it calculates the temperature rise and induced stress at every node of the mesh. As an output, the model delivers the variations in refractive index and thickness for each layer of the thin-film stack (Figure 5). 
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STUDY OF SPECTRAL SHIFT ON FABRY PEROT FILTER

This section provides a comprehensive description of the conditions for measuring the reflection/transmission of a filter as a function of temperature. It also presents the results obtained for the spectral filters manufactured by CILAS within the temperature range of 20-80°C.

Measurement and method

Spectral measurements of the filter subjected to uniform and controlled heating were conducted. These measurements were carried out by mountung a sample onto a mount equipped with a heating module. The filter was then placed in a spectrophotometer. Using this setup, spectra of the heated component at various temperatures were acquired. The purpose of this experiment was to characterize the effects of heating on the spectral response of the Fabry-Perot filter and to compare them with the results from the COMSOL model. Figure 6 show the experimental set-up: Figure 6. Simulated temperature increase of a 1550 ppm absorption filter

Model/measurement comparison

The spectral measurement of the Fabry-Perot filter exhibits a shift of 12 pm/°C around the filter's resonance. This value is determined by determining the spectral deviations at 50% transmittance for different temperatures. In a first approximation, it can be considered that this wavelength shift remains constant within the studied spectral range. The model anticipates the same spectral shift as shown in table 3. 
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 1 Figure 1. Schematic representation of the lock-in laser thermography system.
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 3 Figure 3. Calculation losses for the reference sample around the laser wavelength (dotted line) From this absorption value, it becomes possible to calculate the power absorbed by the reference sample based utilizing the laser setpoint power. Calibration is achieved by aligning this value with the amplitude of the Gaussian curve derived from the LIT image. A calibration coefficient is established from the curve in Figure 4.

Figure 4 .

 4 Figure 4. Calibration curve for the determination of a calibration factor.

CONCLUSION

In this study, we developed a COMSOL finite element model to simulate photo induced effects in thin film layers under high-power laser heating. This model is based absorption measurements obtained from single layer. This simulation accurately predicted changes in optical properties due to temperature changes, providing valuable insights for the design of photonic components. Additionally, we focused on evaluating the absorption of optical coatings at 1570 nm using Lock-In Thermography (LIT), achieving high-sensitivity measurements down to 1 ppm. Through controlled heating with a modulated 100 W CW laser, absorption measurement on a Fabry-Perot filter and single layers have been carried out.