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SUMMARY:
An optical fiber Bragg grating (FBG)-based technique probes non-radiative photothermal generation originating from quantum-scale carrier relaxation in titanium. Validation using laser, broadband infrared, and near-UV/visible LED excitation enables quantitative assessment of photothermal responses across different excitation irradiances, wavelengths, and illumination positions.

ABSTRACT:
Quantifying photothermal generation arising from photon absorption and subsequent quantum-scale non-radiative relaxation of photoexcited carriers in engineering materials is important for evaluating material degradation and deformation and ensuring structural integrity under challenging environmental conditions. Although existing photothermal measurement techniques provide high-resolution thermal mapping at the micro- and nanoscale, their complex instrumentation can limit their applicability to real-time industrial monitoring. Furthermore, conventional approaches face challenges in characterizing highly reflective materials. This study demonstrates an optical fiber Bragg grating (FBG)-based technique for probing localized photothermal generation in titanium, a material widely used in aerospace and spacecraft structures. The FBG monitors localized temperature variations on the surface opposite the photoirradiated region by detecting changes in the Bragg wavelength resulting from photon absorption and subsequent non-radiative carrier relaxation. Distinct Bragg wavelength shifts are observed under different excitation sources, irradiances, and illumination positions, enabling quantitative assessment of localized photothermal generation and its spatial distribution across the titanium plate. The technique resolves weak photothermal responses at source-dependent minimum detectable excitation irradiances in the mW cm⁻² range without requiring additional surface modification or emissivity correction. The proposed FBG-based approach provides a sensitive, compact, alignment-free, and non-destructive optical method for real-time quantitative photothermal characterization of engineering materials, including highly reflective materials, with potential applications in aerospace and spacecraft structural health monitoring.

INTRODUCTION: 
Photon-induced thermal generation, arising from quantum-scale processes such as non-radiative relaxation of photoexcited electrons and electron-phonon interactions, can produce macroscopic thermal loading that may ultimately lead to mechanical deformation or material degradation. Investigating these quantum-scale non-radiative photothermal processes enables characterization of materials' thermophysical properties, which is crucial for accurately predicting and preventing large-scale material failures. Various techniques have been developed to detect localized photothermal effects, including scanning thermal microscopy (SThM)1–3, atomic force microscopy-based infrared spectroscopy (AFM-IR)4,5, photothermal radiometry6–8, photoacoustic spectroscopy7,8, photothermal deflection or displacement spectroscopy7–9, photothermal interferometry7,8,10,11, and Raman thermometry12,13, which can provide high-resolution thermal mapping of materials at the micro- or nanoscale. Scanning thermal microscopy (SThM) and AFM-based infrared spectroscopy (AFM-IR) detect localized photothermal responses through heat transfer or cantilever deflection of a nanoscale probe following photon absorption. However, both are surface-scanning techniques that probe only the near-surface region, typically within a few nanometers, and require point-by-point or pixel-by-pixel acquisition, making large-area thermal mapping time-consuming. Photoacoustic spectroscopy relies on pressure waves generated by thermoelastic expansion following the non-radiative relaxation of absorbed photon energy; however, it requires a modulated excitation source, sensitive acoustic detection, and effective acoustic isolation. Photothermal interferometry and photothermal deflection/displacement spectroscopy detect photothermally induced changes in the phase or intensity of the probe beam, respectively, arising from refractive index modulation. However, the sensitivity of both techniques is fundamentally limited by the thermo-optic coefficient of the sample or the surrounding medium. Although Raman thermometry can provide high-spatial-resolution thermal mapping, it requires the sample to exhibit strong Raman-active phonon modes, thereby limiting its application to highly reflective materials such as metals, which exhibit weak Raman scattering. Overall, although these techniques offer high sensitivity and excellent spatial resolution, they typically require complex experimental setups and/or sophisticated data analysis, limiting their suitability for real-time photothermal mapping in industrial applications such as aerospace. Photothermal radiometry has emerged as a promising thermal mapping technique for detecting subsurface defects in aerospace structures by measuring infrared radiation emitted from an optically heated surface. However, quantitative thermal measurements can be strongly influenced by surface emissivity, particularly for highly reflective materials. Low emissivity and high surface reflectance can introduce measurement uncertainties, requiring appropriate emissivity and reflectance corrections. In addition, its application has largely been confined to defect detection and thermal characterization, with limited exploration of wavelength-dependent photothermal responses in engineering materials.

Recently, optical fiber Bragg gratings (FBGs), widely employed for strain and temperature monitoring in industrial applications14,15, have emerged as a promising platform for investigating photothermal conversion. Compared with the aforementioned photothermal measurement techniques, FBGs offer several advantages, including a simple experimental configuration, immunity to electromagnetic interference, mechanical flexibility, micron-scale dimensions, distributed and multiplexed sensing capabilities, independence from the emissivity of the investigated material or its thermo-optic coefficient, compatibility with a broad range of photoexcitation wavelengths, and suitability for real-time structural health monitoring. Previous studies have investigated photoinduced strain in nanomaterials16–20 and demonstrated the capability of FBGs to probe localized photothermal responses in nanomaterials, including graphene21, MXene22, and fluorescent molecules such as Rhodamine B23. Building on these studies, the FBG approach is extended to investigate photothermal conversion in industrially significant engineering materials. Metals such as titanium and its alloys are widely used in aerospace and spacecraft structural components owing to their low density, excellent corrosion resistance, high thermal stability, and superior fracture toughness24,25. During service, however, aerospace components can be exposed to intense solar, laser, or other high-energy optical radiation, in which absorbed photons generate heat via non-radiative electronic relaxation. Monitoring the resulting localized photothermal effects, particularly on the rear surfaces of metallic structural panels exposed to optical irradiation, is important for assessing thermal loading, predicting material degradation, and ensuring the thermal integrity of internal structural components.

In the proposed FBG-based quantum photothermal measurement approach, heat generated by the non-radiative relaxation of photoexcited carriers in the metal is conducted through the metal plate to an FBG in direct contact with the surface opposite the photoirradiated face, resulting in a measurable Bragg wavelength shift. Using this configuration, the photothermal response of titanium is investigated under optical excitation spanning the near-ultraviolet, visible, and infrared spectral regions, at a range of excitation irradiances. Measurements are performed using both a coherent laser source and broadband light sources, including an infrared lamp and a light-emitting diode (LED), demonstrating the versatility and applicability of the proposed sensing technique for quantum photothermal characterization of aerospace materials.

PROTOCOL:
Experimental setup
Figure 1 illustrates the experimental setup used to measure quantum photothermal conversion in a 0.5-mm-thick titanium (Ti) plate (Grade 2 titanium sheet, 100 mm × 100 mm × 0.5 mm). A diode-pumped solid-state (DPSS) green laser operating at 532 nm (MGL-F-532-1.5W, ~2 mm beam diameter) or a broadband IR lamp was directed onto one surface of the vertically mounted Ti plate. At a working distance of approximately 45 cm, the IR lamp produced a beam approximately 100 mm in diameter that covered the entire 100 mm × 100 mm Ti plate. The Ti plate was mounted on an XYZ translation stage and positioned approximately 80 cm from the laser and 45 cm from the IR lamp.

To examine the wavelength dependence of the photothermal response, the Ti plate was also illuminated using a broadband LED source combined with narrow-band excitation filters corresponding to the near-ultraviolet (DAPI, BP360–370 nm), blue (FITC, BP470–495 nm), and green (TRITC, BP540–550 nm) spectral regions, as shown in Figure 2. The filtered light was focused onto the rear surface of the horizontally mounted Ti plate, positioned on an XY translation stage, through a 20× objective lens. The sample was placed at the focal plane of the objective to obtain a focused illumination spot approximately 2.3 mm in diameter.

In all experiments, heat generated through photon absorption and subsequent non-radiative electronic relaxation in the Ti plate was monitored using a fiber Bragg grating (FBG) sensor attached to the surface opposite the photoirradiated face and aligned with the incident beam. Transparent adhesive tape was used to attach the FBG sensor to the Ti plate, ensuring stable contact throughout the measurements. Special care was taken during sensor mounting to minimize strain transfer to the FBG. The FBG was mounted without initial pretension, and the 5-mm-long grating region remained freely positioned above the Ti plate without being stretched between two attachment points located approximately 1 cm from either side of the sensing region. Furthermore, the tape was applied such that it did not press directly against the optical fiber. Instead, the fiber rested within the small gap between the Ti plate and the tape, thereby avoiding direct mechanical clamping of the grating region (Supplementary Figure 1). This mounting configuration substantially reduced the transfer of the photothermally induced expansion of the Ti plate to the FBG. The FBG was interrogated using an optical interrogator, which launched broadband light (1510–1590 nm) into the fiber and continuously monitored the reflected Bragg wavelength. The Bragg wavelength was displayed and recorded.

Material characterization and description
The titanium plate used in the study was characterized using atomic force microscopy (AFM) and Raman spectroscopy. As shown in Figure 3A, the AFM topographic image, acquired over a 5 × 5 μm² area using a Dimension Icon atomic force microscope operating in tapping mode, revealed a relatively smooth surface with an average roughness of approximately 10 nm. Raman spectra (Figure 3B), recorded using a micro-Raman spectrometer with 532 nm excitation, exhibited no characteristic Raman peaks, consistent with the weak Raman activity of metallic titanium. Furthermore, no Raman signatures corresponding to titanium oxide were observed, indicating the absence of detectable surface oxidation. Because all experiments were performed on the same Ti plate without surface treatment or modification, the surface condition remained unchanged throughout the study.

The FBG sensor used in this study was fabricated in a single-mode optical fiber with a core diameter of 8 μm and a refractive index of 1.47, surrounded by a 125-μm-diameter cladding with a refractive index of 1.44. A 5-mm-long grating was inscribed within the fiber core. The grating reflected a narrow spectral band centered at approximately 1550 nm when broadband light (1510–1590 nm) was launched into the fiber. The reflected wavelength, referred to as the Bragg wavelength, satisfied the Bragg condition given by Equation (1)12:

                                                                  λB = 2 neff Λ		                                                             (1)

where λB is the Bragg wavelength, neff is the effective refractive index of the fiber core, and Λ denotes the grating period.

Measurement method
The operating principle of an FBG relies on shifts in the Bragg wavelength (λB) caused by changes in either the effective refractive index (neff) or the grating period (Λ) when the fiber is subjected to external perturbations such as temperature or mechanical strain.
When optical radiation was incident on the Ti plate, photons were absorbed by electrons, promoting them to excited energy states. The excited electrons subsequently underwent non-radiative relaxation via electron-electron scattering and electron-phonon coupling, transferring their energy to the lattice and generating localized heat26. This heat propagated through the Ti plate to the FBG bonded to the opposite surface, producing a temperature-induced shift in the reflected Bragg wavelength, which was expressed as18:

                                                                                                           (2)

where  was the Bragg wavelength shift measured in picometers (pm), and  was the temperature rise (°C) resulting from photon-induced non-radiative electronic relaxation followed by electron–phonon energy transfer. The first term in Equation (2) represented the thermo-optic contribution arising from the temperature dependence of the effective refractive index, whereas the second term accounted for the thermal expansion of the grating period. Equation (2) was expressed in its simplified form as:

                                                                                                                              (3)

where, was the thermal-expansion coefficient and was the thermo-optic coefficient of the silica fiber, having approximate values of  and  respectively for a silica FBG at room temperature14. Since the thermal expansion coefficient was nearly an order of magnitude smaller than the thermo-optic coefficient, the contribution of thermal expansion was negligible, and Equation (3) was approximated as:

                                                                                                                                 (4)   

Or equivalently,		                                                                                    (5)

where, S =  is the temperature sensitivity of the FBG in pm °C-1.

Thus, the measured Bragg wavelength shift directly quantified the localized photothermal heating generated by non-radiative electronic relaxation in the Ti plate.

The temperature sensitivity of the FBG was determined by calibrating its Bragg wavelength response against a reference temperature measured using an infrared (IR) camera. During calibration, the FBG sensor was placed on a temperature-controlled hotplate, and the temperature was increased from 30 to 100 °C in 10 °C increments. At each temperature step, the surface temperature was measured with the IR camera [emissivity setting: 0.93, measured distance: 35 cm, room temperature (25 °C)], while the corresponding Bragg wavelength was recorded simultaneously with the FBG interrogator. The relationship between the Bragg wavelength shift and the measured temperature change was then obtained from linear regression of the calibration data, and the slope of the fitted line was taken as the temperature sensitivity of the FBG.

To evaluate the noise and temperature resolution of the FBG sensor, the Bragg wavelength was continuously recorded for 45 min under identical experimental conditions, with the FBG attached to the Ti plate and no external optical excitation. The Bragg wavelength was acquired at a sampling interval of 10 ms. The recorded Bragg wavelength fluctuations were converted to Bragg wavelength shift fluctuations (Δλ) relative to the mean value and subsequently to equivalent temperature variations using the calibrated FBG temperature sensitivity. Allan deviation analysis was performed to quantify the sensor's temperature resolution. Because all photothermal measurements were processed using 50-point adjacent averaging after acquisition at a 10 ms sampling interval, the Allan deviation corresponding to an averaging time of 0.5 s was used to calculate the signal-to-noise ratio (SNR), minimum detectable temperature change, and corresponding minimum detectable excitation irradiance for each excitation source. The SNR was calculated as the ratio of the photothermally induced temperature rise (ΔT) under each excitation condition to the Allan deviation at the selected averaging time. The minimum detectable temperature change was estimated using the conventional 3σ criterion, corresponding to three times the Allan deviation at the selected averaging time. Because this value was determined by the intrinsic noise characteristics of the FBG sensor, it was independent of the excitation source. Based on the experimentally determined temperature sensitivities under laser, LED, and IR excitation and the minimum detectable temperature change of the FBG sensor, the corresponding minimum detectable excitation irradiance was calculated.

The Ti plate, with the FBG sensor attached to one surface, was illuminated on the opposite surface using a laser, IR lamp, or LED excitation source until the Bragg wavelength reached a steady state. The photoexcitation duration was approximately 4–5 min for the laser, 6–10 min for the IR lamp, and 2–3 min for the LED. After a steady state was reached, the excitation source was switched off, and the sample was allowed to cool naturally until the Bragg wavelength returned to its baseline value. The subsequent measurement was then performed at a different excitation irradiance, wavelength, or illumination position. The Bragg wavelength was continuously monitored throughout the experiment using an FBG interrogator.

The excitation irradiance of the laser, broadband IR lamp, and filtered LED light incident on the sample surface was determined using a silicon photodiode connected to an optical power meter. The detector was positioned at the sample location during the irradiance measurements. For the filtered LED light, the peak excitation wavelength of each filter was first determined using a UV-visible spectrometer, after which the power meter was configured to the corresponding wavelength for irradiance measurements. For the 532 nm laser, the power meter was configured directly to the laser wavelength. The excitation irradiance of the broadband IR lamp was estimated using the power meter set to 1100 nm, which yielded the highest displayed irradiance among the evaluated wavelength settings. Because the broadband source and the photodiode's wavelength-dependent responsivity can affect the displayed irradiance, the wavelength-setting dependence of the measurement was evaluated. The resulting irradiance values are therefore considered estimated values rather than absolutely calibrated broadband irradiances.

RESULTS:
Figure 4A,B show the calibration curve obtained by plotting the measured Bragg wavelength shift as a function of temperature. The calibration curve is representative of three independent measurements performed under identical conditions. The Bragg wavelength exhibited a linear dependence on temperature (ΔλB = 10.85 × ΔT + 3.17), with a measured sensitivity of 10.85 pm °C⁻¹ and an R² value of 0.999 (Figure 4B).

Supplementary Figure 2A,B show the Bragg wavelength fluctuations recorded from the FBG attached to the Ti plate in the absence of external optical excitation. The corresponding Allan deviation of the equivalent temperature variations is presented in Figure 5. A minimum Allan deviation of 4.99 m°C was obtained at an averaging time of 6.67 s, corresponding to the temperature resolution of the FBG sensor. The Allan deviation at an averaging time of 0.5 s was 13.6 m°C. Based on the 3σ criterion, the corresponding minimum detectable temperature change of the FBG sensor was 40.8 m°C.

Figure 6A and Supplementary Figure 3A present the Bragg wavelength shifts recorded from the FBG sensor when the Ti plate was illuminated with a 532 nm laser at excitation irradiances of 0.28, 0.57, 0.85, 1.13, and 1.4 W cm⁻², corresponding to incident optical powers of 8.8, 17.9, 26.7, 35.5, and 44 mW, respectively, for a laser spot diameter of approximately 2 mm. The Bragg wavelength shift increased monotonically with increasing excitation irradiance. A maximum shift of approximately 32 pm was observed at an irradiance of 1.4 W cm⁻², whereas a shift of approximately 6 pm was recorded at 0.28 W cm⁻². As shown in the inset of Figure 6A, the wavelength shift exhibited a linear dependence on excitation irradiance (ΔλB = 23 × Ie − 0.5; R² = 0.998), yielding a sensitivity of 23 pm (W cm⁻²)⁻¹ (equivalently, approximately 5 pm mW⁻¹).

Using the calibrated temperature sensitivity of the FBG (10.85 pm °C⁻¹; Figure 4B), the corresponding photothermal temperature rise was determined from the measured Bragg wavelength shifts (Supplementary Figure 3A), as shown in Figure 6B. The temperature increased linearly with excitation irradiance, reaching approximately 3.0 °C at 1.4 W cm⁻². The measured temperature rises at irradiances of 1.13, 0.85, 0.57, and 0.28 W cm⁻² were approximately 2.5, 2.0, 1.4, and 0.8 °C, respectively. The linear fit (ΔT = 2.1 × Ie − 0.04; R² = 0.998), shown in the inset of Figure 6B, yielded a temperature sensitivity of approximately 2.1 °C (W cm⁻²)⁻¹ (approximately 0.46 °C mW⁻¹).

Photothermal generation in the Ti plate was further investigated at higher excitation irradiances of 1.42, 2.8, and 4.3 W cm⁻² using a 532 nm laser source, as shown in Figure 6C. These irradiances corresponded to incident optical powers of approximately 44.6, 88, and 135 mW, respectively, for a laser spot diameter of approximately 2 mm. Consistent with the low-irradiance regime, the FBG sensor exhibited a linear increase in Bragg wavelength shift with increasing excitation irradiance (ΔλB = 22.5 × Ie + 0.08; R² = 0.999), yielding a wavelength sensitivity of 22.5 pm (W cm⁻²)⁻¹ (equivalently, approximately 5 pm mW⁻¹), as shown in the inset of Figure 6C.

The corresponding temperature rise, calculated from the Bragg wavelength shifts (Supplementary Figure 3B) using the calibrated FBG sensitivity (Figure 4B), increased to approximately 3.5, 6.5, and 9.2 °C at irradiances of 1.4, 2.8, and 4.3 W cm⁻², respectively (Figure 6D). Linear regression of the temperature rise as a function of excitation irradiance (ΔT = 2.1 × Ie + 0.007; R² = 0.999), shown in the inset of Figure 6D, yielded a temperature sensitivity of approximately 2.1 °C (W cm⁻²)⁻¹, equivalent to approximately 0.46 °C mW⁻¹, confirming the linearity of the photothermal response over a broad excitation range.

Based on the measured temperature sensitivity of 2.1 °C (W cm⁻²)⁻¹, the minimum detectable excitation irradiance under laser excitation was estimated to be 19 mW cm⁻², corresponding to the minimum detectable temperature change of 40.8 m°C determined for the FBG sensor. Furthermore, at the lowest applied laser irradiance of 0.28 W cm⁻², the measured temperature rise of 0.8 °C yielded an SNR of approximately 59. Increasing the excitation irradiance to 4.3 W cm⁻² increased the temperature rise to 9.2 °C, yielding an SNR of approximately 676.

The photothermal response was independently validated using an infrared (IR) camera positioned on the same side of the Ti plate as the FBG sensor [IR camera emissivity setting: 0.93, measured distance: 90 cm, room temperature (25 °C)], and the temperature measurement region was selected around the FBG sensing location. The corresponding thermal profiles are presented in Supplementary Figure 4. Although the IR camera captured the expected increase in surface temperature with increasing excitation irradiance, the measured temperature rise was substantially lower (Supplementary Figure 4A,B) than that measured using the FBG. To improve thermal emissivity, black PVC insulation tape was attached to the measurement region on the Ti surface (Supplementary Figure 4). With the emissivity set to 0.95, the temperatures measured by the IR camera (Supplementary Figure 4C,D) showed excellent agreement with those obtained using the FBG sensor, thereby independently validating the photothermal measurements. These results demonstrate that the FBG-based photothermal sensing approach enabled measurement of localized photothermal responses without surface modification, whereas reliable IR thermography measurements of the metallic Ti surface required a high-emissivity coating.

Supplementary Figure 5 presents the Bragg reflection spectra of the FBG under different excitation irradiances. As the excitation irradiance increased, the Bragg resonance exhibited a systematic redshift toward longer wavelengths, corresponding to an increase in the measured photothermal response of the Ti plate. To evaluate the reproducibility of the proposed sensing technique, the Bragg wavelength measurements were repeated under the same experimental conditions, which are shown in Supplementary Figure 6. The FBG exhibited a comparable photothermal response even after 170 days, demonstrating long-term reproducibility.

The spatial response of the proposed sensing technique was further investigated by illuminating different locations on the back surface of the Ti plate while monitoring the resulting photothermal response using the FBG attached to the opposite (front) surface. Figure 7 presents the Bragg wavelength shifts and corresponding temperature rises measured when a 532 nm laser at an irradiance of 0.85 W cm⁻² (corresponding to an incident optical power of 26.7 mW for an approximately 2 mm spot diameter) was successively focused at five positions (1–5), separated by 2.5 mm, both transverse and longitudinal to the FBG axis, as illustrated in Figure 7A,B.

As the illumination position was moved farther from the location directly opposite the FBG sensing region, the measured Bragg wavelength shift and corresponding temperature rise gradually decreased. Nevertheless, a measurable Bragg wavelength shift of approximately 15 pm, corresponding to a temperature rise of approximately 1.4 °C, was observed when the laser was positioned approximately 5 mm from the FBG center, representing an approximately 7 pm (0.6 °C) reduction compared with illumination directly opposite the FBG. A slight asymmetry was observed in the longitudinal response (Figure 7B), with illumination at points 4 and 5 producing Bragg wavelength shifts approximately 2 pm lower than those at the corresponding equidistant points 2 and 1, respectively, possibly due to a slight offset of the effective FBG sensing region from the nominal central position. These measurements demonstrate a spatially dependent photothermal response across the investigated region of the Ti plate.

Figure 8A presents the Bragg wavelength shifts observed when the Ti plate was irradiated with the broadband IR lamp at estimated excitation irradiances of 0.2–0.7 W cm⁻². The Bragg wavelength shift increased with increasing excitation irradiance, reaching approximately 170 pm at 0.67 W cm⁻² compared with approximately 78 pm at 0.24 W cm⁻². The Bragg wavelength shift exhibited a linear dependence on the estimated IR excitation irradiance (ΔλB = 297 × Ie + 0.77; R² = 0.993), as shown in the inset of Figure 8A, yielding an estimated wavelength sensitivity of approximately 297 pm (W cm⁻²)⁻¹.

The corresponding temperature rise, calculated from the Bragg wavelength shift (Supplementary Figure 7) using the calibrated FBG temperature sensitivity, is shown in Figure 8B. The measured temperature increased linearly with excitation irradiance (ΔT = 27.35 × Ie + 0.07; R² = 0.993), as shown in the inset of Figure 8B, yielding an estimated sensitivity of 27.35 °C (W cm⁻²)⁻¹. Based on this temperature sensitivity and the FBG sensor's minimum detectable temperature change of 40.8 m°C, the minimum detectable excitation irradiance was estimated at 1.5 mW cm⁻². The SNR was approximately 515 at the lowest applied excitation irradiance (7 °C temperature rise) and increased to approximately 1176 at the highest excitation irradiance (16 °C temperature rise). The photothermal response, measured with an IR camera, with black PVC insulation tape applied to the Ti surface, is shown in Figure 8C [IR camera emissivity setting: 0.95, measured distance: 90 cm, room temperature (25 °C)]. The temperature profiles were consistent with the FBG measurements. In contrast, the measurements obtained without black tape are presented in Supplementary Figure 8 [IR camera emissivity setting: 0.93, measured distance: 90 cm, room temperature (25 °C)].

To evaluate the long-term reproducibility of the proposed sensing technique under IR excitation, the Bragg wavelength measurements were repeated after 170 days under identical experimental conditions. As shown in Supplementary Figure 9, the FBG exhibited a comparable photothermal response, demonstrating long-term stability and reproducibility. The corresponding Bragg reflection spectra recorded under different estimated IR excitation irradiances are presented in Figure 8D. A progressive redshift of the Bragg resonance was observed as excitation irradiance increased.

The photothermal response of the Ti plate was also investigated under focused light-emitting diode (LED) illumination spanning the near-ultraviolet (UV), blue, and green spectral regions, as shown in Figure 9. Figure 9A presents the Bragg wavelength shifts and corresponding temperature rises measured when the Ti plate was illuminated with near-UV (center wavelength ~365 nm), blue (~475 nm), and green (~546 nm) light (Supplementary Figure 10). For all three excitation wavelengths, the excitation irradiance was maintained at 0.21 W cm⁻², corresponding to an incident optical power of approximately 8.7 mW for a beam diameter of approximately 2.3 mm. The largest Bragg wavelength shift was observed under near-UV excitation, followed by blue and green excitation. The corresponding temperature rises followed the same trend.

To further investigate the excitation-irradiance dependence, the Ti plate was illuminated with the green LED at irradiances ranging from 0.07 to 0.35 W cm⁻² in increments of 0.07 W cm⁻², corresponding to incident optical powers of approximately 2.9, 5.8, 8.7, 11.6, and 14.5 mW, respectively, for a beam diameter of approximately 2.3 mm. As shown in Figure 9B, both the Bragg wavelength shift and corresponding temperature rise increased monotonically with increasing excitation irradiance, reaching maximum values of approximately 6 pm and 0.55 °C, respectively, at an irradiance of 0.35 W cm⁻² (14.5 mW). Linear regression revealed linear relationships between the Bragg wavelength shift (ΔλB = 17 × Ie − 0.15; R² = 0.997) and excitation irradiance and between the temperature rise (ΔT = 1.6 × Ie − 0.01; R² = 0.997) and excitation irradiance, as shown in the inset of Figure 9B. The corresponding wavelength and temperature sensitivities were 17 pm (W cm⁻²)⁻¹ (approximately 0.71 pm mW⁻¹) and 1.6 °C (W cm⁻²)⁻¹ (approximately 0.13 °C mW⁻¹), respectively.

Using the measured temperature sensitivity and the minimum detectable temperature change of 40.8 m°C for the FBG sensor, the minimum detectable excitation irradiance was estimated at 26 mW cm⁻². At the lowest applied excitation irradiance of 0.07 W cm⁻², the photothermally induced temperature rise of 0.07 °C yielded an SNR of 5, whereas at the highest excitation irradiance of 0.35 W cm⁻², the temperature rise of 0.55 °C yielded an SNR of 40.

Small fluctuations were observed during both the excitation OFF and ON periods, particularly at the lower excitation irradiances of the 532 nm laser (0.28–1.4 W cm⁻²) and under filtered LED (UV, blue, and green) illumination, for which the photothermal responses were comparatively small. Similar Bragg wavelength fluctuations were observed in the 45 min measurement performed in the absence of optical excitation (Supplementary Figure 2). At higher laser irradiances (1.4–4.3 W cm⁻²) and under broadband IR excitation, the photothermal signals were substantially larger, resulting in higher SNRs and less apparent measurement fluctuations. Minor fluctuations were also observed during the excitation-ON periods under these conditions, attributable to fluctuations in the excitation source. Supplementary Figure 11 compares the photothermal response curves obtained under broadband IR, 532 nm laser, and 546 nm LED excitation. Based on the estimated incident irradiance, the photothermal sensitivity under broadband IR excitation was substantially higher than the corresponding sensitivities obtained under 532 nm laser and 546 nm LED excitation.

DATA AVAILABILITY:
The data supporting the findings of this study are provided in Supplementary File 1. 

FIGURE AND TABLE LEGENDS:
Figure 1: Schematic representation of the experimental configuration used to measure quantum photothermal generation in a titanium (Ti) plate using the FBG technique under green laser and broadband IR lamp excitation.

Figure 2: Schematic representation of the experimental setup used to measure quantum photothermal generation in a titanium (Ti) plate using the FBG technique under filtered LED excitation.

Figure 3: Surface characterization of the titanium (Ti) plate. (A) Atomic force microscopy (AFM) topographic image of the Ti plate acquired over a 5 × 5 μm² area. The inset shows an optical image of the Ti plate during AFM measurement. (B) Raman spectrum of the Ti plate recorded using 532 nm excitation.

Figure 4: Temperature calibration of the FBG. (A) Measured Bragg wavelength response at different temperatures, with the temperature determined using an IR camera. The top inset shows the corresponding Bragg wavelength spectra as a function of temperature, and the bottom inset shows a thermal image of the FBG on the hotplate. (B) Temperature calibration curve showing the linear relationship between Bragg wavelength shift and temperature change.

Figure 5: Allan deviation analysis of the temperature change measured by the FBG attached to the Ti plate in the absence of optical excitation. The inset shows the corresponding temporal fluctuations in the measured temperature.

Figure 6: Excitation irradiance-dependent photothermal response of the Ti plate under 532 nm laser illumination. (A) Bragg wavelength data recorded from the FBG during excitation of the Ti plate at different low irradiances (number of independent measurements, n = 1); the inset shows the linear relationship between the mean Bragg wavelength shift and excitation irradiance. (B) Corresponding temperature change calculated from the Bragg wavelength shift using the calibrated FBG temperature sensitivity; the inset shows the linear relationship between the mean temperature change and excitation irradiance. (C) Bragg wavelength data recorded from the FBG during excitation of the Ti plate at different high irradiances (number of independent measurements, n = 1); the inset shows the linear relationship between the mean Bragg wavelength shift and excitation irradiance. (D) Corresponding temperature change calculated from the Bragg wavelength shift using the calibrated FBG temperature sensitivity; the inset shows the linear relationship between the mean temperature change and excitation irradiance. The mean Bragg wavelength shift was calculated as the difference between the mean Bragg wavelength during the excitation-on period and that during the preceding excitation-off period. Error bars represent the maximum absolute deviation of the Bragg wavelength from its mean value during the corresponding excitation-on period. Temperature error bars represent the maximum absolute deviation of the calculated temperature change from its mean during the corresponding excitation-on period.

Figure 7: Spatial dependence of the photothermal response measured using the FBG under 532 nm laser excitation at different illumination positions on the Ti plate (number of independent measurements, n = 1). (A) Transverse positions 1-5 and (B) longitudinal positions 1-5 relative to the FBG axis, with a spacing of 2.5 mm between adjacent positions.

Figure 8: Excitation irradiance-dependent photothermal response of the Ti plate under broadband IR illumination. (A) Bragg wavelength data recorded from the FBG during excitation of the Ti plate at different irradiances (number of independent measurements, n = 1); the inset shows the linear relationship between the mean Bragg wavelength shift and excitation irradiance. The mean Bragg wavelength shift was calculated as the difference between the mean Bragg wavelength during the excitation-on period and that during the preceding excitation-off period. Error bars represent the maximum absolute deviation of the Bragg wavelength from its mean value during the corresponding excitation-on period. (B) Corresponding temperature change calculated from the Bragg wavelength shift using the calibrated FBG temperature sensitivity; the inset shows the linear relationship between the mean temperature change and excitation irradiance. Error bars represent the maximum absolute deviation of the calculated temperature change from its mean during the corresponding excitation-on period. (C) Temperature change of the Ti plate measured with an IR camera at different excitation irradiances (number of independent measurements, n = 1); the inset shows the corresponding temperature profiles recorded by the IR camera. (D) Bragg wavelength spectra recorded from the FBG during photoexcitation of the Ti plate at different excitation irradiances (number of independent measurements, n = 1).

Figure 9: Photothermal response of the Ti plate under filtered LED illumination. (A) Excitation wavelength-dependent photothermal response of the Ti plate, quantified in terms of Bragg wavelength shifts and corresponding temperature changes at a constant excitation irradiance of 0.21 W cm⁻² (number of independent measurements, n = 1). (B) Bragg wavelength shifts and corresponding temperature changes measured using the FBG during photoexcitation of the Ti plate at different irradiances under 546-nm-filtered LED illumination (number of independent measurements, n = 1); the inset shows the linear dependence of the mean Bragg wavelength shift and corresponding temperature change on excitation irradiance. The mean Bragg wavelength shift was calculated as the difference between the mean Bragg wavelength during the excitation-on period and that during the preceding excitation-off period. Bragg wavelength error bars represent the maximum absolute deviation of the Bragg wavelength from its mean value during the corresponding excitation-on period. Temperature error bars represent the maximum absolute deviation of the calculated temperature change from its mean during the corresponding excitation-on period.

Supplementary Figure 1: Photograph showing the mounting configuration of the FBG on the Ti plate. The FBG sensing region remained freely positioned above the Ti plate between the two attachment points. The optical fiber rested within the gap between the Ti plate and the adhesive tape, preventing direct mechanical clamping.

Supplementary Figure 2: Noise characterization of the FBG sensor in the absence of optical excitation. (A) Bragg wavelength fluctuations were recorded continuously for 45 min at a sampling interval of 10 ms with the FBG attached to the Ti plate. (B) Corresponding Bragg wavelength shift fluctuations (Δλ) calculated relative to the mean Bragg wavelength.

Supplementary Figure 3: Excitation irradiance-dependent photothermal response of the Ti plate under 532 nm laser illumination. (A) Bragg wavelength shifts measured using the FBG during excitation of the Ti plate at different low irradiances (number of independent measurements, n = 1). (B) Bragg wavelength shifts measured using the FBG during excitation of the Ti plate at different high irradiances (number of independent measurements, n = 1). 

Supplementary Figure 4: Temperature changes of the Ti plate measured using an IR camera under 532 nm laser excitation at different excitation irradiances (number of independent measurements, n = 1). (A, B) Temperature changes and corresponding temperature profiles (insets) recorded without black tape applied to the Ti plate at (A) different low irradiances and (B) different high irradiances. (C, D) Temperature changes and corresponding temperature profiles (insets) recorded with black tape applied to the Ti plate at (C) different low irradiances and (D) different high irradiances.

Supplementary Figure 5: Bragg wavelength spectra recorded from the FBG during 532 nm laser photoexcitation of the Ti plate at different irradiances (number of independent measurements, n = 1). (A) Bragg wavelength spectra at low excitation irradiances. (B) Bragg wavelength spectra at high excitation irradiances.

Supplementary Figure 6: Long-term reproducibility of the FBG photothermal response under 532 nm laser excitation. (A, B) Bragg wavelength responses at low and high excitation irradiances, respectively, on day 0 (number of independent measurements, n = 1). (C, D) Bragg wavelength responses at low and high excitation irradiances, respectively, after 170 days (number of independent measurements, n = 1).

Supplementary Figure 7: Bragg wavelength shifts measured using the FBG during excitation of the Ti plate under broadband IR illumination at different irradiances (number of independent measurements, n = 1).

Supplementary Figure 8: Temperature changes of the Ti plate measured using an IR camera at different excitation irradiances under broadband IR illumination without black tape applied to the Ti plate (number of independent measurements, n = 1); the inset shows the corresponding temperature profiles recorded by the IR camera.

Supplementary Figure 9: Bragg wavelength shifts measured using the FBG after 170 days at different excitation irradiances under broadband IR illumination (number of independent measurements, n = 1).

Supplementary Figure 10: Emission spectra obtained using the different filters employed to provide near-UV and visible excitation of the Ti plate under filtered LED illumination.

Supplementary Figure 11: Comparison of the photothermal sensitivity of the FBG under different excitation sources. (A) Bragg wavelength sensitivity and (B) corresponding temperature sensitivity as a function of excitation irradiance for different excitation sources. The insets show the respective sensitivities obtained under green LED excitation.

Supplementary Figure 12: UV–visible absorption spectrum of the Ti plate.

Supplementary File 1: Raw data supporting the findings of this study.

DISCUSSION:
This study demonstrated an optical fiber Bragg grating (FBG)-based approach for probing photothermal responses arising from quantum-scale non-radiative energy relaxation in engineering materials, using titanium as a representative material relevant to aerospace and space applications. The FBG monitored localized photothermally induced temperature variations on the surface opposite the photoirradiated surface through corresponding Bragg wavelength shifts, providing a direct optical readout of the photothermal response. The approach was validated under different optical excitation conditions using a coherent 532 nm green laser, a broadband infrared (IR) lamp, and a filtered narrow-band light-emitting diode (LED) providing near-UV and visible excitation.

Among the investigated excitation sources, the highest Bragg wavelength sensitivity was obtained under broadband IR illumination (297 pm (W cm⁻²)⁻¹), followed by the 532 nm laser (23 pm (W cm⁻²)⁻¹) and green LED excitation (17 pm (W cm⁻²)⁻¹). At a constant excitation irradiance, the larger Bragg wavelength shift observed under near-UV excitation compared with visible excitation demonstrated the wavelength dependence of photothermal generation in titanium. This wavelength dependence is consistent with the wavelength-dependent optical absorption of Ti observed in the measured UV-visible absorption spectrum (Supplementary Figure 12). In addition, photons at shorter wavelengths carry higher energy, and the excess energy deposited upon absorption can undergo rapid electronic relaxation via electron-electron scattering and subsequent electron-phonon coupling, ultimately transferring energy to the lattice and contributing to photothermal generation. Thus, the observed wavelength-dependent response reflects the combined influence of the wavelength-dependent optical absorption and the energy relaxation processes following photoexcitation. The Bragg wavelength shift increased with excitation irradiance and exhibited a linear dependence over the investigated ranges, consistent with enhanced photothermal generation at higher optical power densities due to increased photon flux and consequent carrier photoexcitation. Spatially resolved measurements further demonstrated a decrease in the measured temperature rise with increasing distance between the illumination location and the FBG sensing region, confirming the spatially localized nature of the photothermal response and indicating effective thermal conduction through the Ti plate. These measurements demonstrated the FBG's capability to monitor localized photothermal effects on the millimeter scale across an extended sensing area rather than only directly beneath the grating. 

The agreement between the FBG-derived temperature changes and infrared camera measurements, together with the initially unstretched grating configuration, indicated that the observed Bragg wavelength changes were primarily due to localized photothermal temperature variations rather than to substrate-induced mechanical strain. Noise analysis demonstrated the measurement stability of the FBG sensor, with the SNR increasing with excitation irradiance and minimum detectable excitation irradiances of approximately 19, 1.5, and 26 mW cm⁻² for the 532 nm green laser, broadband IR lamp, and green LED, respectively. These results highlighted the approach's ability to resolve weak photothermal changes under different excitation conditions. The reproducibility of the photothermal response across repeated measurements further demonstrated the reliability and robustness of the sensing approach. Moreover, the FBG approach directly measured photothermally induced temperature changes without requiring additional surface modification or emissivity correction, enabling reliable photothermal measurements of highly reflective materials. 

However, several factors should be considered when interpreting the measured photothermal response obtained using the proposed FBG-based approach. Although special care was taken during sensor mounting to minimize mechanical strain due to thermal expansion of the Ti substrate, a residual thermomechanical strain contribution cannot be entirely excluded. The measured response is also affected by thermal diffusion within the Ti plate, which can broaden the effective photothermal sensing region beyond the FBG's physical dimensions. Thus, although the 125-μm-diameter fiber provides a compact sensing element, the present spatial-response experiment demonstrates millimeter-scale localization rather than directly establishing 125-μm spatial resolution. In addition, the Ti-plate thickness is expected to influence the thermal transfer path and the resulting temperature rise measured by the FBG. A systematic investigation of the influence of plate thickness on the photothermal response captured by the FBG is therefore required. The sensor response may also depend on the thermal contact between the FBG and the Ti surface, such that variations in mounting and contact conditions could influence the measured temperature response. The temporal response is governed by heat transfer from the photoexcited region through the Ti plate to the FBG and therefore should not be interpreted as the intrinsic timescale of the underlying carrier relaxation processes. Finally, because the reported broadband IR irradiances are estimated rather than absolutely calibrated, the corresponding IR sensitivity and minimum detectable irradiance should be interpreted in light of the associated irradiance calibration uncertainty.

Nevertheless, the intrinsic advantages of FBGs, including compact dimensions, high temperature sensitivity, remote operation, immunity to electromagnetic interference, and multiplexed or distributed sensing capabilities, provide opportunities for localized and multipoint photothermal monitoring. Overall, the demonstrated approach provides a non-destructive platform for photothermal characterization of engineering materials and suggests potential for localized photothermal monitoring in aerospace and space structures, subject to further validation under representative operational environments.
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