Ultra-broadband contactless imaging power meter

Knowledge 1

of the spatial and temporal distribution of heat flux is of great interest for the quantification of heat sources. In this work, we describe the development of a new ultra-broadband contactless imaging power meter based on electromagnetic to infrared technology. This new sensor and the mathematical processing of images enable the reconstruction of both spatial and amplitude distributions through a wide spectral range of sources. The full modeling of the thermoconverter based on 3D formalism of thermal quadrupoles is presented first before deriving a reduced model more suitable for quick and robust inverse processing. The inverse method makes it possible to simultaneously identify the heat losses and the spatial and temporal source distribution for the first time, to the best of our knowledge. Finally, measurements of multispectral sources are presented and discussed, with an emphasis on the spatial and temporal resolution, accuracy and capabilities of the power meter.

Nomenclature

There are two main types of flux sensors: thermal and photonic sensors. Photonic sensors are based on the photoelectric effect and are predominantly used at higher frequencies in the visible, ultraviolet, and X-ray spectral ranges [START_REF] Flores-Fuentes | Comparison between different types of sensors used in the real operational environment based on optical scanning system[END_REF]. In contrast, thermal detectors are mainly used at longer wavelengths [START_REF] Pradere | Photothermal converters for quantitative 2D and 3D real-time terahertz imaging[END_REF][START_REF] Müller | Novel detectors for traceable THz power measurements[END_REF].

In this study, the choice of hardware is based on the electromagnetic infrared (EMIR) technology developed by Balageas et al. [START_REF] Balageas | Characterization of electromagnetic fields using a lock-in infrared thermographic system[END_REF]. In their work, Balageas et al. reported a hyperspectral sensor using a very thin and homogeneous carbon film called a hyperspectral thermoconverter. This device has the ability to absorb radiation over a very wide spectral range (from visible to radio waves) with different sensitivities (depending on the wavelength) [START_REF] Pradere | Photothermal converters for quantitative 2D and 3D real-time terahertz imaging[END_REF][START_REF] Romano | Broadband sub-terahertz camera based on photothermal conversion and IR thermography[END_REF]. Electromagnetic waves are absorbed by the carbon film and converted into heat, which is transported by conduction in the thin film before being re-emitted as infrared (IR) light. Thus, this carbon thermoconverter enables imaging of ultra-broadband heat flux when used in combination with an IR camera. However, before obtaining a quantitative image of the heat flux or the thermal source detected by the sensor, thorough mathematical processing based on thermal inverse methods is required.

Depending on the nature of the heat transfer, i.e., conduction, convection, or radiation, there are several methods for estimating the heat source [START_REF] Gidik | Development of a radiative heat fluxmeter with a textile substrate[END_REF][START_REF] Jim | Estimating heat flux transmission of vertical greenery ecosystem[END_REF][START_REF] Yang | A temperature prediction-correction method for estimating surface soil heat flux from soil temperature and moisture data[END_REF]. In the present study, the reconstruction of the heat fields is essentially based on the knowledge of conductive transfer. Garderein et al. [START_REF] Gardarein | Miniaturized heat flux sensor for high enthalpy plasma flow characterization[END_REF] developed a point sensor system based on a thermocouple to estimate local fluxes by analytical inverse thermal methods. Another study from Zeribi et al. [START_REF] Zribi | Design, fabrication and characterization of thin film resistances for heat flux sensing application[END_REF] reported the fabrication of a 2D non-imaging heat flux sensor based on the spatial temperature gradient method. Image reconstruction was addressed by Groz et al. [START_REF] Groz | Bayesian inference for 3D volumetric heat sources reconstruction from surfacic IR imaging[END_REF][START_REF] Groz | Three-dimensional reconstruction of thermal volumetric sources from surface temperature fields measured by infrared thermography[END_REF], who reported a method to reconstruct deep heat sources using analytical models and two inversion methods (statistical and deconvolution by Toeplitz). Another 3D reconstruction method was recently developed by Burgholzer et al. [START_REF] Burgholzer | Three-dimensional thermographic imaging using a virtual wave concept[END_REF][START_REF] Waters | 3D reconstruction of tilted cracks using infrared thermography and the virtual wave concept[END_REF]. This method combines IR thermography and the concept of virtual waves. However, in these studies, the quantitative goal of estimating the heat flux amplitude was not achieved because the location of the sources is assumed to be unknown.

Finally, Nortershauser et al. [START_REF] Nortershauser | Resolution of a three-dimensional unsteady inverse problem by sequential method using parameter reduction and infrared thermography measurements[END_REF][START_REF] Nortershauser | Estimation of moving heat sources with a three-dimensional unsteady inverse method[END_REF] addressed the development of a source reconstruction method (spatial distribution and flux amplitude) using numerical models for inversion. The constraint of this method is mainly related to the calculation time.

However, the authors proposed the use of a statistical estimator in the cosine transformed space to reduce the calculation time.

From all of these seminal works, it was demonstrated that both The heat absorption depends on the wavelength. For example, 111 the absorbance is 100% in the NIR to far-IR range and only 112 61% in the millimeter range [START_REF] Romano | Broadband sub-terahertz camera based on photothermal conversion and IR thermography[END_REF]. Heating the film increases its 
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where r is the layer number, i.e., 1 for air, 2 for the thermocon-146 verter, and 3 for air, as depicted in Fig. 2.

147

B. Assumptions and Solution 148

In this part, the solution of the three-layer system is described. cosine Laplace spaces. The equivalent electrical network of the system is shown in Fig. 3(a), in which each layer is composed of three impedances. In this case, it is considered that the contact between the layers is perfect (no contact thermal resistance between the layers), and the internal source is uniformly distributed through the entire thickness of the thermoconverter.

To solve the three-layer system, the following assumptions are made:

• Adiabatic boundary conditions on each side of layers • Semi-infinite medium configuration: the purpose of choosing a three-layer system as a model is to take into account the influences of adjacent media (mainly air) on the thermoconverter, so the impedances Z 1 3 and Z 1 2 of layer 1 and the impedances Z 3 1 and Z 3 3 of layer 3 are replaced by two semi-infinite impedances, Z 1 ∞ and Z 3 ∞ , respectively [Fig. 3(c)].

• Thermally thin body: the thermoconverter was previously described as a thermally thin body (no temperature gradient in the thickness). This leads to the suppression of the impedances Z th 1 and Z th 2 , and only the impedance Z th 3 is necessary to evaluate the temperature of the thermoconverter [Fig. 3(d)].

Figure 3 shows the reduction steps according to the assumptions made, as well as the equivalent electrical networks obtained at each step. Based on the electric current conservation law at the node of the thermoconverter layer in Fig. 3(d), the temperature expression of the thermoconverter in the Laplace cosine transformed space is written as follows:

θ Th = 1 Z 1 eq + 1 Z Th 3 + 1 Z 3 eq -1 × Y , (2) 
with

Z 1,3 eq = h + 1 Z 1,3 ∞ -1
, where Z 1,3 ∞ = (λγ ) -1 and

γ = p a + α 2 n + β 2 m . ( 3 
)
The capacitive impedance of the thermoconverter is written as follows: 

Y (α n , β m , p) = +∞ 0 L x 0 L y 0 Y(x , y , t) × exp(-pt) cos(α n x ) cos(β m y )dtdx dy . (5) 
Finally, the temperature of the thermoconverter in the 192 Laplace cosine transformed space is obtained as

193 θ Th (α n , β m , p) = +∞ 0 L x 0 L y 0 T Th (x , y , t) × exp(-pt) cos(α n x ) cos(β m y )dtdx dy . (6) 
Equation ( 2) can be rewritten simply as follows:

194 θ Th (α n , β m , p) = H(α n , β m , p) × Y (α n , β m , p), H(α n , β m , p) = 1 Z 1 eq + 1 Z Th 3 + 1 Z 3 eq -1 . ( 7 
)
To compute the spatial temperature field, one inverse 195 Laplace in time [START_REF] Toutain | Numerical inversion of Laplace transform for time resolved thermal characterization experiment[END_REF] and two inverse cosine transformations 196 are necessary.

197 Table 1. Thermophysical Properties of the Different Layers Given in Ref. [START_REF] White | Series in Mechanical Engineering[END_REF] for Air Air Thermoconverter 

Thickness (m) ∞ 37 ± 1 × 10 -6 λ (W m -1 K -1 ) 0.
C p = 1572 ± 8 J • K -1 • kg -1 .
The thermophysical properties of air were 5 obtained from the literature [START_REF] White | Series in Mechanical Engineering[END_REF] (see Table 1).

C. Validation of the Assumptions

Two studies have been carried out, as described in this section, to validate the assumptions made previously. The first study consists of a comparison between the temperature fields of the thermoconverter calculated by means of the four different models described in Fig. 3. The spatial shape of the source used is concentric circles, and a Dirac pulse δ(t) was used for temporal excitation. The value of the heat loss was set to must be equal to 100% at all times (conservation of energy). In Fig. 5(a), we can see that at short times (t < 2 s) the influence of the air layers appears very early and is important enough to be neglected (5% at t = 0.17 s, 10% at t = 0.8 s). Moreover, the heat flux dissipated by convective heat loss intervenes later than the air (5% at t = 1 s, 10% at t = 2 s) to then reach a more important rate at long times (35% at t = 10 s). In conclusion, it should be noted that the dissipation of the flux in the semi-infinite impedances of the air occurs rapidly and is quite Based on Eq. ( 7), the output temperature can simply be writ-253 ten as a space-time convolution product of the source and the 254 impulse response of the source point: 255 T Th (x , y , t) = Y(x , y , t) ĥ(x , y , t), [START_REF] Balageas | Characterization of electromagnetic fields using a lock-in infrared thermographic system[END_REF] where ĥ(x , y , t) is the impulse response in real space-time. 

Y 0 × F(α n , β m ) = θTh (α n , β m , t) × Ĥ (α n , β m , t) -1 . ( 10 
)
Inverse thermal problems are known to be ill-posed problems 268 [START_REF] Hadamard | Lectures on Cauchy's Problem in Linear Partial Differential Equations[END_REF]. This is essentially due to the condition of instability of 

Y 0 × F(α n , β m ) = θTh (α n , β m , t) × Ĥ (α n , β m , t) | Ĥ (α n , β m , t)| 2 + µ| D(α n , β m )| 2 , ( 11 
)
where D is a derivation matrix [START_REF] Gray | Toeplitz and circulant matrices: a review[END_REF] in the cosine transformed space, and µ is the regularization coefficient [START_REF] Picard | Sur un theoreme general relatif aux equations integrales 613 de premiere espece et sur quelques problemes de physique mathe-614 matique[END_REF]. In the end, to retrieve the spatial distribution of the source, two inverse cosine transformations are necessary.

B. Heat Losses Estimation

As shown in Section 3.C, the heat losses by convection need to be measured along with the spatial distribution of the source in order to adapt to the external environment. Thus, based on the fact that the spatial average of a 3D temperature field leads to the one-dimensional (1D) temperature field [START_REF] Maillet | Thermal Quadrupoles, Solving the Heat Equation Through Integral Transforms[END_REF] and the fact that the relaxation of the temperature field due to a Heaviside excitation corresponds to a response to an amplified Dirac excitation, a method of heat loss estimation based on a linear least-squares minimization between the normalized spatial average of the relaxation experimental temperature field (see Fig. 6) and the normalized spatial average of temperature field obtained from the model Eq. ( 2) (for a Dirac time excitation) is described in this section.

Assuming that the measured temperature field of the thermoconverter is T mes (x , y , t), the spatial average of this temperature field is calculated for each time step and normalized by its maximum to arrive at T * mes (t).

Then, a variable change over time is applied, t * = tt 0 , where t 0 corresponds to the time of the beginning of relaxation Finally, the minimization is achieved using the Nelder-Mead simplex method [START_REF] Nelder | A simplex method for function minimiza-616 tion[END_REF],

Fig. 6. Square-shaped pulse time excitation to be used for the estimation of the heat losses as well as the heat source.

Table 2. Thermophysical Properties of the Foam [START_REF] Bondareva | The influ-618 ence of external temperature and convective heat exchange with an 619 environment on heat transfer inside phase change material embed-620 ded brick[END_REF][START_REF] Placido | Thermal properties 622 predictive model for insulating foams[END_REF] Thickness (m) λ (W m -1 K -1 ) ρC p (J K -1 m -3 ) a (m To simultaneously and continuously estimate the convective heat loss and the excitation flux of the source, a square-shaped pulse is used for temporal excitation of the internal source.

Figure 6 shows the square-shaped pulse time excitation as well as the temperature profile of the thermoconverter in the presence of the resulting heat losses. The choice of square-shaped pulse time excitation is justified by the fact that there is a constant level where the internal source is switched on (temperature rise of the thermoconverter), which is used to identify the source, and another constant level where the internal source is switched off (relaxation of the thermoconverter), which is used to estimate the heat loss. The estimation of the heat loss makes it possible to reintroduce this loss into the model described in Section 3.B and thus makes it complete.

RESULTS AND DISCUSSION

A. Contact Validation by Joule Effect

One of the most robust ways to control the power dissipated by a source is to use an electrical resistance heated by the Joule effect. This is used to validate the method of reconstruction of the source. To do this, a complex-shaped resistance with an internal ohmic resistance of 73 is used. The setup used is described in • K -1 . The estimated value of this coefficient is coherent, given that one side of the thermoconverter is insulated by the foam, and the average increase in the temperature is low (on the order of 0.4 K at t = 1 s). where S pixel is the area of one pixel with a value of 8 × 10 -8 m 2 .

The estimation represents a relative error of 0.45%.

B. Contactless Application for Different Optical Sources

In this section, the use of our appliance as a power meter is demonstrated.

Near-IR Laser Source

In this first application, a NIR laser diode (λ = 980 nm) with a power of P = 280 mW is used as an excitation source. The time of the square-shaped pulse is 40 ms. A dichroic mirror is placed between the IR camera and the thermoconverter, as shown in Fig. 9, and enabled to reach the temperature of the thermoconverter at the front side. As the thermoconverter is a thermally thin body, the temperature at the front side is equal to the temperature at the back side (no temperature gradient along the thermoconverter thickness). The thermoconverter is placed at a distance of 40 cm from the IR camera. • K -1 . This value is very large compared to that estimated for the Joule heated resistance. This is due in small part to the fact that the thermoconverter is not insulated and in large part to the fact that the average temperature of the thermoconverter is very high (4 K at t = 33 ms). The power estimated using Eq. ( 13) was found to be 285.3 ± 3.7 mW with a relative error of 1.9%. 

IR Blackbody Source 401

In this second application case, the source used comes from an • K -1 . This value is lower than that in the NIR laser case because the average temperature of the thermoconverter is also lower (2.5 K at t = 1 s).

The power estimated using Eq. ( 13) is 1.357 ± 0.015 W. To 

Gigahertz Source

In this third application case, a Terasense gigahertz source ( f = 100 Ghz, λ = 3 mm) with a power of P = 400 mW is used, and the absorbance (A) of the thermoconverter in this wave is equal to 61% [START_REF] Romano | Broadband sub-terahertz camera based on photothermal conversion and IR thermography[END_REF]. The thermoconverter is placed at a distance of 5 cm from the source. The gigahertz source is synchronized with a waveform generator that allows delivery of a square-shaped pulse of 1.25 s.

The estimated convective exchange coefficient is

h = 20.24 W • m -2 • K -1 .
This value is higher than that in the blackbody case and lower than that in the NIR laser case. This is related to the value of the average temperature of the thermoconverter, which is between those of the two cases (6 K at t = 1 s). Figures 11(b) and 11(c) show the reconstruction of the spatial distribution and power density of the source after inversion. In this case, the source power is estimated by modifying Eq. ( 13) to take into account the absorbance of the thermoconverter at the emission wavelength of the source as follows:

P estimated = Y(x , y ) × S pixel × 1 A . ( 14 
)
The power estimated using Eq. ( 14) is 404.8 ± 5 mW with a relative error equal to 1.19%.

Radio-Frequency Source

In this fourth application case, an ultra-high-frequency (UHF) • K -1 . This value is the lowest of the convective exchange coefficient values estimated for the optical sources (except for the joule heat resistance). This is because the average temperature of the thermoconverter is lower than that in the previous cases [34] (1.3 K at t = 1 s). The power of the source estimated using Eq. ( 14) is 6.5 ± 0.17 × 1 A W. This 

j

  Temperature in real space, K θ Temperature in the cosine transformed space θ Temperature in cosine and Laplace transformed space h c Convective exchange coefficient, W m -2 K -1 ĥ Source point impulse response in real space H Source point impulse response in cosine and Laplace transformed space Ĥ Source point impulse response in cosine transformed space Ĥ Source point Heaviside response in cosine transformed space Y Internal source in real space, W m -3 Y Internal source in cosine and Laplace transformed space δ Dirac function Heaviside function λ Thermal conductivity, W m -1 K -1 a Thermal diffusivity, m 2 s -1 ρ Mass density, kg m -3 C p Specific heat, J K -1 kg -1 φ 0 , φ e Excitation flux in boundary condition (respectively, input and output fluxes), W m -2 e Thickness of the thermoconverter, m (Table continued) L Lateral dimension of the thermoconverter, m t Time, s x , y , z Spatial coordinates Z i Thermal impedance in Laplace and cosine transform space, i layer number, j Thermal impedance number considerable amount of attention in the research community in recent years. Whereas many works have 25 focused on imaging sensors for visible light [1-4], few tools exist 26 for other wavelength ranges, particularly the millimeter to meter 27 range [5,6]. Knowledge of the heat flux generated by a multi-28 spectral source is of prime interest in numerous experimental 29 setups, i.e., in building sciences, aeronautic industries, optical 30 applications, and heat transfer. A quantitive image of radiative 31 heat flux (or thermal source) would enable the performance 32 of heat balance to serve as input data for models or to control 33 online processes. In this context, the development of a new 34 sensor implies, first, developing the hardware (the component sensitive to the heat excitation) and, second, determining the mathematical modeling of the hardware response to obtain quantitative data.

Fig. 1 .

 1 Fig. 1. A multispectral source is used to optically illuminate

  110

Fig. 1 .

 1 Fig. 1. Schema of the experimental setup.

  Thermal Model of the Thermoconverter 126 The thermoconverter can be considered a thin homogeneous 127 medium (a thermally thin body due to its small thickness, 128 L = 5 cm and e = 37 µm) subjected to convective/radiative 129 heat loss and containing an internal heat source. Due to the very 130 large ratio between the lateral dimensions and the thickness 131 (L e ), the temperature gradient across the thickness of the 132 thermoconverter is neglected. Thus, it is advisable to consider 133 the surrounding environment [21]. The influence of the air 134 around the thermoconverter is not negligible and considerably 135 affects the temperature of the thermoconverter. This can be 136 explained by the presence of effusive exchanges between the 137 thermoconverter (thermally thin body) and the surrounding 138 environment. Therefore, the analytical model that accurately 139 describes the heat transfer in the thermoconverter must include 140 the surrounding layers. In Fig. 2, there are three layers: air-141 thermoconverter-air. The evolution of the temperature fields 142 in the system described in Fig. 2 is determined by the three-layer 143 3D heat conduction equation with an internal volume source 144 located in the thermoconverter layer: 145

149Fig. 2 .

 2 Fig. 2. Complete thermal model of the thermoconverter (i, l, physical boundary of the air layers; j, k, plans of the interfaces between the thermoconverter and the air layers).

1 and 3 :Fig. 2 (

 32 Fig. 2 (absence of φ 0 and φ e ).

Fig. 3 .

 3 Fig. 3. Reduction steps of the thermoconverter model: (a) complete model, (b) adiabatic boundary conditions model, (c) semi-infinite configuration model, and (d) thermally thin body model.

  026 1.414 ± 0.041 ρC p (J K -1 m -3 ) 1313 2.83 ± 0.03 × 10 6 a (m 2 s -1 ) 1.98 × 10 -5 5.0 ± 0.1 × 10 -7 All of the parameters of the thermoconverter needed for the construction of the model have been estimated. The thickness measured by a micrometer was 37 ± 1 µm. The thermal diffusivity was estimated by the flying spot technique [25] to be a = 5.0 ± 0.1 × 10 -7 m 2 • s -1 . Using conventional thermal characterization techniques, the remaining thermophysical properties of the thermoconverter were measured: (i) the density was calculated by means of a helium pycnometer to be ρ = 1800 ± 10 kg • m -3 , and (ii) the specific heat was estimated by a Setaram 131 differential scanning calorimeter to be

Fig. 4 .

 4 Fig. 4. Comparison of the temperature determined by the four models: (a) diffusion of the source obtained by the complete model, (b) calculated error (in %) between the source diffusion obtained from the complete model and that obtained from the adiabatic boundary conditions model, (c) calculated error (in %) between the source diffusion obtained from the complete model and that obtained from the semi-infinite configuration model, (d) calculated error (in %) between the source diffusion obtained from the complete model and that obtained from the thermally thin body model, and (e) diffusion of one pixel versus time determined by the four models.

h c = 20 WFigure 5

 205 Figure 5 illustrates the flux balance.Figure 5(a) shows the rate of the transient heat flux (delivered by the internal source) dissipated by the volume of the thermoconverter, air, and convective heat loss.Figure 5(b) shows the sum of all of the fluxes, which

Fig. 5 .

 5 Fig. 5. Heat flux balance.

256, ( 9 )

 9 The source Y(x , y , t) can be decomposed into a product of a 257 spatial function F(x , y ), amplitude Y 0 , and a temporal func-258 tion (t). After passing through the space transformed cosine 259 base, only the temporal convolution remains. In the case of 260 a Heaviside-type temporal excitation and after applying the 261 Laplace transform on time, we have 262 θ Th (α n , β m , p) = Y 0 × F(α n , β m ) × 1 p × H(α n , β m , p) H where H represents the response of the source point to the 263 Heaviside temporal excitation in Laplace cosine transformed 264 space. By applying the Laplace inverse transform to Eq. (9), the 265 source can be estimated in the cosine transformed space via the 266 following relation:267

  269 the solution obtained by inversion. To remedy this condition, 270 the inversion is carried out by constructing a Wiener filter. This 271 filter is based on Tikhonov's regularization method [28], which 272 is used and applied in the Cosine transformed space as follows: 273

  ( T * mes (t 0 ) = 1); this new time base t * is used to calculate the numerical temperature field of the thermoconverter (for a Dirac time excitation) from the model described in Section 3.B for different values of h c . The temperature field obtained is spatially averaged and then normalized by its maximum to obtain the following: T * model (t * ).

Fig. 7 (

 7 Fig. 7(a). An electrical current generator supplied the resistance during 1.5 s. The voltage is verified at the edge of the resistance by a voltmeter to be U = 4.93 V. This theoretically corresponds to the dissipation of a power equal to P = 333 mW. The thermoconverter is attached on the resistor, which is insulated by foam (polyurethane foam). Finally, an IR camera is used for the acquisitions. In this case, only the parameters of the model to be used for the inversion are modified. The proposed model allows changing the parameters easily to match the real experimental configuration. One of the semi-infinite impedances of the air is then replaced by a semi-infinite impedance of the insulated foam, and the heat loss by convection is neglected on this side.

Figure 7 (

 7 Figure 7(b) shows the normalized spatial average of the measured 3D temperature field. This field allows the identification of the t 0 and the construction of the new time base t * , which is used to estimate the heat loss.Figure 7(c) shows

Figure 7 (

 7 c) shows the result of the minimization described in Section 4.B, and the convective exchange coefficient is estimated to be 4.53 ± 0.3 W • m -2

Figures 8 (

 8 Figures 8(a) and 8(b) show the reconstruction of the spatial distribution and power density of the source after inversion.

Fig. 7 .Figure 8

 78 Fig. 7. (a) Experimental setup, (b) normalized spatial average of the 3D temperature field measured, and (c) comparison between the experimental data and the model using h c = 4.53 W • m -2• K -1 .

Fig. 8 .

 8 Fig. 8. (a) Image of the estimated source, (b) surface of the estimated source, and (c) estimated flux density for one pixel.

Figures 9 (

 9 Figures 9(b) and 9(c) show the reconstruction of the spatial distribution and energy density of the source after inversion. The diameter of the spot after the flux estimation is equal to 3 mm, which is in agreement with the optical considerations. The estimated convective exchange coefficient is h = 31 W • m -2• K -1 . This value is very large compared to

Fig. 9 .

 9 Fig. 9. (a) Experimental setup, (b) image of the estimated source, and (c) surface of the estimated source.

Fig. 10 .

 10 Fig. 10. (a) Experimental setup, (b) image of the estimated source, and (c) surface of the estimated source.

  Prisma instruments, whose emis-403 sivity is estimated to have an uncertainty of 0.5% to ε BB = 0.98. 404 The blackbody temperature is adjustable in the range [500 • C; 405 1200 • C]. In our case, the blackbody temperature is set to 406 T BB = 500 • C [see Fig. 10(a)]. A square-shaped pulse of 4.5 s is 407 applied using a chopper synchronized with the IR camera.

Figures 10 (

 10 Figures 10(b) and 10(c) show the reconstruction of the

  validate the value of the estimated flux, a short calculation based on the Stefan-Boltzman law and the notion of the form factor in thermal radiation to allow modeling the radiative exchanges between two black disks (ε ≈ 1) separated by a perfectly transparent medium is performed. This calculation predicts that the thermoconverter should theoretically receive a flux of P = 1.15 W and shows that the estimated flux is in the order of the magnitude of the expected power with a relative error equal to 15.25%.

  radio wave antenna source ( f = 500 Mhz, λ = 0.6 m) in an anechoic chamber is used. The thermoconverter used has a surface area of 1 m 2 , and it is placed at a distance of 1 cm from the source. The power delivered by the source and the absorbance of the thermoconverter at this wavelength are unknown, so the estimated flux is proportional to the absorbance of the thermoconverter. Figures 12(b) and 12(c) show the reconstruction of the spatial distribution and power density of the source after inversion. The estimated convective exchange coefficient is h = 10.14 W • m -2

Fig. 11 .

 11 Fig. 11. (a) Experimental setup, (b) image of the estimated source, and (c) surface of the estimated source.

Fig. 12 .

 12 Fig. 12. (a) Experimental setup, (b) image of the estimated source, and (c) surface of the estimated source.

Table 3 .

 3 Performances of the Flux Sensor

Joule Effect by Resistance NIR Laser Source IR Blackbody Source Gigahertz Source Radio-Frequency Source

  

	Spatial resolution (µm 2 )	283 × 283	180 × 180	290 × 290	280 × 280	1400 × 1400
	sensitivity (µW/m 2 )			1.815 × TI(µs) A		
	pitch size, minimum sensitivity of 20 mK, and variable accord-			
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ing to the integration time), and, on the other hand, by the 479 photothermal effect within the thermoconverter (absorbance, 480 7 diffusion of the heat, and inversion of the heat transfer). The