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At present, the Monte Carlo method is the only method to evaluate the area blackbody emissivity, so it needs to be compared and verified with other calculation methods. In particular, the efficiency of Monte Carlo is low when the micro-cavity structure of the area blackbody is more complex for higher emissivity. An efficient algorithm for calculating emissivity of the area blackbody based on the multiple reflection method was put forward in this article. A multiple reflected light path that radiated into the inner micro-cavity structure of the area blackbody was simulated. The ratio of the outgoing light intensity to the incident light intensity was obtained by setting a threshold of the outgoing light intensity, and then the area blackbody emissivity was calculated. The simulation results showed that, compared with the Monte Carlo method, the results of the emissivity calculation were similar, and calculation efficiency was increased more than 100 times under the same micro-cavity structure. A practical area blackbody was made based on the simulation results from the proposed multiple reflection method, and the emissivity measurement experiments were carried out and compared to the cavity blackbody at the same temperature. The results showed that the emissivity was near one and stable for the NIR (Near Infrared) spectrum range when the temperature was higher than 280°C. Thus, the feasibility of the multiple reflection method for calculating the area blackbody emissivity was verified. The multiple reflection method proposed in this article provided one more design path for developing area blackbodies with more complex micro-cavity structures.
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1 INTRODUCTION
In recent years, with the rapid development of infrared radiation metrology, spectral detection technology, and thermal imaging technology, it is significant to develop the blackbody radiation source for calibration [1–4]. Cavity blackbody has been maturely developed and applied to calibrate a small infrared instrument, but it cannot meet the calibration requirements for a large aperture area source infrared detection instrument; so, the demand for the area blackbody is becoming stronger. But, the emissivity calculation method of the cavity blackbody does not apply to area blackbodies; therefore, the solution of emissivity for the area blackbody is very important [5].
In the development of the blackbody, it is important to evaluate and measure its radiation capability. Buckley proposed the integral equation method in the 1930s and then gradually improved it by Sparrow and Bedford et al [6]. The integral equation method assumes that the reflection occurring on the inner wall of the blackbody cavity is ideal diffuse reflection and then establishes the emissivity integral model of each to solve in parallel. In the case that the reflection of the cavity surface is regarded as an ideal diffuse reflection, the integral equation method can be used in the theory to solve the emissivity of the blackbody cavity with any shape. However, it is difficult to meet the ideal diffuse reflection conditions in reality, especially in the area blackbody evaluation, this method has a large error with the actual situation, and the calculation process is complex [7].
The Monte Carlo method is commonly used to calculate the emissivity of the blackbody cavity. Prokhorov A V used the Monte Carlo method to analyze the radiation on the surface of the concentric circular trapezoidal groove and the emission and reflection characteristics of normal and directional angles [8]. C Monte proposed the evaluation standard of cavity emissivity of vacuum terahertz blackbody based on the Monte Carlo method [9]. The heat transfer simulation of a blackbody at low temperature was proposed by Prokhorov A V, but it was also limited to the cavity [10]. Pahl R J proposed a new fast convergence Monte Carlo method but was also used for the blackbody cavity structure [11]. Yikun Zhao calculated and compared the emissivity of two blackbody cavities by the Monte Carlo method and pointed out that the emissivity of the V-shaped cavity was higher [12]. Futao Sun used the Monte Carlo method to calculate the effective emissivity of a cylindrical isothermal cavity, analyzed some factors affecting the effective emissivity of the cavity, and discussed the influence of the spectral emissivity of the cavity wall material on the effective emissivity of the cavity, providing a theoretical basis for the design and calculation of blackbody cavities [13]. JiuLi Shen used the Monte Carlo method to calculate the effective emissivity of the conical blackbody cavity. When the distance from the detector to the cavity orifice is 15 times the cavity radius, the effective emissivity of the conical blackbody cavity is larger [14]. Tingting Xing established a cylindrical blackbody cavity model based on the Monte Carlo method and calculated the effective emissivity of the blackbody cavity model. The results show that when the length–diameter ratio is large, the aperture ratio is small, and the emissivity of the cavity material is large, the effective emissivity of the blackbody cavity is large [15]. Shimizu Y designed a high-precision 100 mm × 80 mm polydimethylsiloxane area blackbody in the room temperature range, and the emissivity is not less than 0.998 [16]. Olschewski F designed a stratospheric balloon-borne, in which the blackbody emissivity of the micro-cone low temperature (−40 to 20°C) surface with a size of 5 mm × 5 mm and a height of 9 mm reaches 0.99 [17]. Bae JiYong designed a small area blackbody emissivity of 0.99 for infrared remote sensing calibration [18]. Chang Anbang’s master thesis used the Monte Carlo method to evaluate the emissivity of the V-groove area blackbody, but it also needs other theories to verify it [19]. Yuan S, Naveh D, Watanabe K, Taniguchi T, and Xia F reconstructed unknown spectra from their corresponding photo response vectors by the wavelength and bias-dependent responsivity matrix from the spectra of a tunable blackbody source [20].
In this article, the multiple reflection method integrates the secondary reflection method of Gouffe and the micro-surface element method of DeVos. The basic theory of multiple reflections is deduced and simulated for comparison to the Monte Carlo method. An area blackbody is made according to theoretical calculation of the multiple reflection method, and emissivity is measured by a cavity blackbody under the same temperature to verify its applicability.
2 MULTIPLE REFLECTION THEORY
The multiple reflection method divides the inner wall of the cavity into infinite micro-faces. The directional radiation intensity of each micro-face is composed of the directional radiation intensity of the micro-face itself and the directional radiation intensity reflected by other micro-faces to the micro-face.
As shown in Figure 1, it is assumed that a beam of light vertically enters D0 at the opening of the blackbody cavity, and the residual light absorbed by the bottom micro-plane element A will reflect the inner surface of the cavity, and a part of it will escape from D0 at the opening. Therefore, it can be considered that the ratio of the product of the inner surface S of the spherical cavity and the D0 area at the opening to the reflectivity ρ is equal to the ratio of the total beam energy to the energy of the escaped beam.
[image: Figure 1]FIGURE 1 | Circular blackbody cavity diagram.
When only one reflection is considered, the absorption rate of the blackbody cavity α1 is calculated as:
[image: image]
where ρ represents the reflectivity of the inner wall of the cavity in the formula, D0 represents the area at the opening and l represents the bottom micro-plane element A radius.
However, since there will not be only one reflection in practice, there will still be residual energy continuing to reflect in the inner wall of the cavity. The energy e1 is left in the cavity after the first reflection for the next reflection, and the same can be said for the energy e2 that escapes from the opening after a secondary reflection:
[image: image]
[image: image]
where ∑ represents the cavity inner wall surface area.
The energy of the beam that finally escapes from the opening e consists of two parts: the energy carried by the beam that escapes directly from a single reflection and the energy that escapes from the opening after multiple reflections:
[image: image]
When the total incident energy is set to 1, the reflectivity ρ0 is the total energy escaping from the opening e. Thus, the emissivity of the black cavity ε can be obtained by subtracting the reflectivity ρ0 by the total incident energy:
[image: image]
The multiple reflection method can simulate a more realistic optical path motion trajectory, and then a better calculation of radiant energy can be obtained. It is more concise and clear than the calculation process of the integral equation and avoids the error caused by randomness. The multiple reflection method can be used to verify the calculation results of the Monte Carlo method.
A planar concentric cavity is used for simulating the multiple reflection method. The emissivity of the surface is specified as 0.9, and the radii of the two concentric circles are 1 and 0.5 mm, respectively. When the light intensity is less than 10−10 (i.e., 10 reflections on the surface), it is considered to be completely absorbed. The incident position is located on the inner wall on the right side of the big circle. The simulation results are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Planar concentric cavity simulation with 1,000 rays.
3 SIMULATION
In the design of the area blackbody, surfaces with concentric V-shaped slots are often used because they have a higher effective emissivity than other slotted (e.g., rectangular-slotted) surfaces [21]. Emissivity tends to be uniform regardless of whether the material itself is diffuse or specular reflecting. This type of a radiating surface was usually used and evaluated by the Monte Carlo method.
3.1 V-Groove Model Construction
To compare with calculation results of the Monte Carlo method, the same circular V-groove area blackbody model with a diameter of 50 mm is constructed in this article according to Ref. [19], as shown in Figure 3.
[image: Figure 3]FIGURE 3 | V-slot model drawing.
The parameters of the V-groove model are shown in Table 1:
TABLE 1 | V-groove model parameters.
[image: Table 1]For the multiple reflection simulation, the amount of light is input, and the light enters the V-groove. The intensity of the light gradually decays through multiple reflections (as shown in Figure 4). The emissivity of the surface coating is 0.93. When the intensity of the light is less than 10−5 (i.e., after five reflections at the inner wall) [22], it is considered to be completely absorbed, and the light with less than five times reflections is emitted. Finally, the emissivity is calculated according to Eq. 5.
[image: Figure 4]FIGURE 4 | Light reflection path inside the V-groove simulated by the multiple reflection method (point light resource height is 20 cm). (A) Overall incident effect schematic and (B) local effect schematic.
3.2 The Amount of Incident Rays
The number of incident rays is an important factor in the emissivity of an area blackbody. It is important to select several incident rays that tend to stabilize the emissivity for the simulation to avoid the chance of sample size problems affecting the emissivity calculation. Repeatedly increasing the number of incident rays in simulation, the 13th (middle) V-groove was selected for simulation. The emissivity was calculated according to Eq. 5, and the results are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Emissivity stability varies with the amount of incident rays.
As can be seen from Figure 5, when the number of incident rays is less, the calculated emissivity fluctuates widely and cannot avoid the influence of chance on the emissivity calculation due to the small number of incident rays. However, when the number of incident rays exceeds 20,000, the emissivity calculation results tend to be smooth. So, the number of incident rays in the emissivity simulation experiment is chosen to be 20,000.
3.3 Emissivity Simulation
This simulation uses the established V-groove area blackbody model to simulate the local emissivity in the radius direction of the bottom surface of this blackbody at an incident of 20,000 rays. The model has an overall radius of 50 mm; each V-groove is 2-mm wide and is divided into areas of 10 mm length along the radius (i.e., five adjacent V-grooves are divided into one area, making a total of five areas), and the local emissivity in each area is simulated by varying the angle of incidence of the incident light. A total of five simulations were carried out for each of these areas, and the results of the simulated localized emissivity were matched to the five V-grooves in the area. Figure 6A shows the simulation process for the 20–30 mm area:
[image: Figure 6]FIGURE 6 | Simulation results obtained by the multiple reflection method with the bottom radius. (A) Simulation for 20–30 mm radius and (B) comparison of local emissivity.
As shown in Figure 6A, the red light is the incident light, and the green light is the reflected light passing through the area blackbody. After the light has been reflected by the V-groove area blackbody, the vast majority of the light has been absorbed (i.e., the light intensity is less than 0.1% of the initial intensity) and only some of the light can be returned by reflection. But, the reflected intensity of the high emissivity coating is also substantially attenuated, and thus the emissivity of the area blackbody is improved.
According to the aforementioned steps, the five regions were simulated five times according to the order of the radius length from small to large, so that the local emissivity value of each V-shaped groove can be obtained.
The emissivity calculated by the multiple reflection method has been obtained through several simulations. Then, it is compared with the emissivity calculated using the Monte Carlo method (2,000,000 incident lines). The reliability of the method is verified.
The maximum and minimum local effective emissivity values calculated using the Monte Carlo method are 0.9946 and 0.9928, respectively. The minimum local effective emissivity is higher than 0.99. The simulation results shown in Figure 6B are obtained by using the two methods[19].
As can be seen from Figure 6B, the local emissivity calculated by using the multiple reflection method fluctuates in the range from 0.9928–0.9946 in the 15–35 mm area. The local emissivity of the edge area fluctuates outside the range, but there is no large gap. The overall trend shows a positive correlation. Therefore, the calculation results obtained by the two methods are close.
4 AREA BLACKBODY PERFORMANCE EXPERIMENT
4.1 Experimental Environment
In this article, an experiment was carried out to verify the feasibility of the multiple reflection method. The experimental conditions are shown in Table 2:
TABLE 2 | Experimental conditions.
[image: Table 2]The local emissivity of the area blackbody is first measured using a spectrometer and other equipment. Then, a blackbody model is created based on the dimensions of the experimental area blackbody, and the theoretical emissivity is calculated using the multiple reflection method.
4.2 Emissivity Measurement and Calculation
Due to the complexity of the area blackbody and the limitations of infrared radiation measurement accuracy, no equipment can be used for the direct measurement of the area blackbody emissivity. So, a comparative experimental method is used to measure the area blackbody emissivity. The cavity blackbody is used as the standard because the effective cavity blackbody emissivity has been relatively well. The area blackbody emissivity is obtained by the ratio of radiation intensity measured using the spectrometer at the same temperature.
The Ocean Optics NIRQuest512 micro-spectrometer and thermocouples are used for this experiment, and the experimental scenario is shown in Figure 7.
[image: Figure 7]FIGURE 7 | Experimental scenario (measured cavity blackbody and area blackbody radiation intensity with wavelength at the same temperature).
First, the standard cavity blackbody and the area blackbody to be measured were fixed in parallel and adjusted to the same temperature. The thermocouple is fixed on the surface of the area blackbody to monitor the temperature. The radiation intensities of the cavity blackbody and the area blackbody are measured using the spectrometer at the same distance. At 420°C, the cavity blackbody and the area blackbody at the radius of 30 mm are tested. The data are collated as shown in Figure 8:
[image: Figure 8]FIGURE 8 | Experiment results at 420°C (cavity blackbody and area blackbody radiation intensity with wavelength).
Since the emissivity of the cavity blackbody is close to 1, the measured radiation intensity is divided by the radiation intensity of the cavity blackbody, and the average value is the local emissivity of the area blackbody at that position. Keep the temperature constant, and change the position of the fiber by adjusting the three-dimensional optical platform. Repeat the aforementioned steps to measure the emissivity of different positions of the area blackbody.
Afterward, the temperature was changed, and the aforementioned steps were repeated to measure the emissivity at different temperatures and different radius positions. A total of six different temperatures were chosen for this experiment, namely 210, 280, 350, 420, 490, and 560°C. The emissivity at each temperature and position was collated to give the following Figure 9.
[image: Figure 9]FIGURE 9 | Comparison of theoretical and measured emissivity.
The dimensions of the area blackbody used for this emissivity measurement experiment are as follows:
The area blackbody model was constructed from Table 3. The multiple reflection method used in Section 3.3 is applied to the simulation model of the area blackbody. The model is divided into different areas in order of radius from small to large. Then, the local emissivity of different positions on the area blackbody model is obtained by the simulation calculation for each area. The results of the simulation are shown in Figure 9.
TABLE 3 | Dimensions of the area blackbody.
[image: Table 3]4.3 Discussion of Experimental Results
The measured emissivity was obtained by comparison with the cavity blackbody at different temperatures, and the theoretical emissivity was then calculated based on the multiple reflection method. The theoretical emissivity is around 0.993, with maximum fluctuations not exceeding 0.003. The average of the theoretical and measured emissivity is collated as shown in Figure 9:
As can be seen from Figure 9, the radiation intensity on the surface of the blackbody is relatively uniform, with fewer fluctuations, and is closer to the theoretical emissivity. This leads to the conclusion that the theoretical values obtained using the emissivity calculation method based on the multiple reflection method coincide with the measured values, which proves the feasibility of the method.
5 CONCLUSION
The multiple reflection method is proposed to calculate the area blackbody emissivity in this article. This method integrates the secondary reflection method of Gouffe and the micro-surface element method of DeVos. The emissivity calculated by the multiple reflection method is similar to that calculated by the Monte Carlo method, and the two algorithms are verified against each other. However, the efficiency of the multiple reflection method is greatly improved. The measured emissivity results in the experiment are equivalent to the theoretical results, which proves the feasibility of the multiple reflection method. This efficient method of calculating the area blackbody emissivity provides a theoretical basis for the area blackbody design of higher emissivity.
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