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A 2D temperature imaging system based on two low-power low-cost LEDs for excitation and a single low speed camera for detection

In this work, benefiting from temperature dependent features of the excitation of YVO4:Eu 3+ , we present a luminescence emission ratiometic approach for 2D phosphor thermometry based on excitation with two different wavelengths and single band collection. Thermal imaging is performed using two low power alternating LEDs peaking at 270 nm and 340 nm for excitation and a single low frame rate camera for detection of the same emission band in subsequent exposures. For demonstration a metal plate was coated with YVO4:Eu 3+ and exposed to a flame on the back side. Despite the low power density of the illumination (<0.3 mW/cm 2 ), this simple approach yielded a high single pixel precision (1.5°C) at a resolution of 160 μm as a consequence of the efficient spectral and temporal collection scheme, the high temperature sensitivity and the good thermal response.

In the last decades, phosphor thermometry has become a versatile optical technique to monitor remotely temperature variations in numerous engineering applications. It relies on the thermal dependence of the spectroscopic properties of inorganic phosphor particles attached to the surface of interest. The two main approaches to measure thermal gradients in 2D are the spectral (emission intensity ratio) and temporal (emission decay time) technique. The spectral method provides temperature information from the temperature dependence emission spectrum by taking a ratio of emission intensities in two different wavelength regions. Therefore, it involves two separate detectors equipped with respective spectral filters, and precise image mapping between the recoded images. Alternatively, the emission decay time approach requires recording multiple exposures to split the decay waveform subsequent to a single excitation pulse using high-speed detectors or interline transfer CCDs. Besides, one limitation of this method when using LEDs for excitation, is the limitation in available energy during the short decay times (<ms). In this work, we introduce an intensity ratio approach that exploits the temperature dependence in the excitation spectrum of phosphors instead. Lanthanide-doped rare-earth orthovanadates (AVO4:Eu 3+ , (A = Lu, Y, Gd, La)) show an interesting thermally induced red-shifting excitation feature within VO 4 3-group, as shown in Figure 1 for the case of yttrium. The system relaxes back to the ground state with the characteristic temperature dependent lanthanide emission, here Eu 3+ . Hence, using two pulsed LEDs for excitation, the ratio of the intensity of the same Eu 3+ emission bands but upon each of the two excitation beam is a function of temperature. By separating the excitation in subsequent exposures of the same camera, 2D thermometry can be performed with a single monochrome camera as proposed here. This method is validated experimentally using YVO4:Eu 3+ , as it offered the highest sensitivity and absolute signal levels at room temperature as characterized in liquid dispersion [START_REF] Piotrowski | Self-Referenced Temperature Imaging with Dual Light Emitting Diode Excitation and Single-Band Emission of AVO4:Eu 3+ (A=Y, La, Lu, Gd) Nanophosphors[END_REF]. To demonstrate temperature imaging, a metal plate was coated with YVO4:Eu 3+ (30 µm yielded coating thickness) and subjected to transient heating by a premixed flame. It was illuminated by subsequent pulses from two LEDs which are separated in time. Two low power LEDs (<1 mW peak power), with emission peaks 270 and a 340 nm respectively, were placed at 90° and overlapped using a UV beam splitter to uniformly illuminate a 3 cm × 3cm area of the phosphor coating plate from a single direction (Figure 1.a ).The LED power density was only 0.3 mW/cm 2 . The luminescence emission was imaged using a single 12 bit interline transfer CCD equipped with a 50 mm (f/1.4) objective lens and a 570 nm long pass filter to avoid scattered excitation light.

The LEDs were each triggered at 2.5 Hz, one after the other, while the camera recording rate was set at 5 Hz to capture the emission upon each excitation in subsequent exposures as illustrated in Figure 2.a. The matching 50 ms excitation pulse and camera exposure, provided efficient excitation and collection of the entire Eu 3+ emission band, which allowed to gather high signal levels despite the low LED power density. The ratio images resulted from a frame pair corresponding to an excitation pair, were white field corrected with ratio images at homogenous temperature distribution performed at RT to correct for illumination differences between the two LEDs. The ratio images were converted to temperature maps using calibration data obtained when the coated plate was maintained at prescribed temperatures on a temperature-controlled unit. The temperature sensitivity was found to be over 1%/°C over the 20 to 70 °C temperature range. A 2D temperature map during flame heating is shown in Figure 2.b. This image consists of 340 x 260 independent temperature readouts per image over a 34 mm by 26 mm region. Using uniform temperature data, a single pixel precision of 1.5 °C at a resolution of 160 μm was estimated.

The demonstration shows the capability of this 2D phosphor thermometry ratiometric method based on dual excitation-single band emission to inspect the dynamics of the thermal processes both spatially and temporally. That a high level of precision can be obtained with such low power excitation is the result of the good photon budget of this measurement scheme combined with the high temperature sensitivity for the selected LED. In fact it is also interesting to note that the total intensity under 340 nm LED excitation at room temperature, is only 45% weaker than for the 270 nm LED illumination, which then shows luminescence intensity enhancement with increasing temperature. This thermal induced feature, therefore, provided a very good thermal response. This setup also offers practical advantages as it minimizes systematic errors due to misalignment compared to two-colour-emission intensity ratio technique, and higher photon harvesting in contrast to decay time-based method. However, potential preferential absorption of one of the two wavelength when semi-transparent medium are present in the detection path (condensation etc…) must be investigated. Additionally, this technique does not involve accurate camera timing or fast frame readout, thus offering simplicity in the detection, which can be carried out even with the camera of a smartphone. 

Figure 1

 1 Figure 1 Experimental configuration of dual exactionsingle emission approach: schematic of the experimental setup (a), excitation spectrum of YVO4:Eu3+ at 0 o C and 100 o C and LED emission spectra (b) [1].

Figure 2

 2 Figure 2 Temperature imaging using the dual LEDs excitationsingle camera system: LED and CCD timing scheme (a), thermal imaging under localized heating on a steel plate (b) [1].