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Absolute radiometers are based on electrical substitution radiometers, which compare optical and electrical power. The same physical principle applies to standard reference detectors operating at cryogenic temperatures and room temperature radiometers for total solar irradiance (TSI) measurements. Both types rely on the cavity with an internal low-reflectance coating to absorb incident radiation similar to a black body. The cavity shape design requires an analysis of the coating reflection properties. Like many materials, ultra-black Ni-P exhibits a mixture of diffuse and specular reflection that depends on the angle of incidence of light in the pores. We employed ray-tracing software to study the impact of the geometry on the absorptivity and distribution of the scattered rays. We describe the scattering model of the black coating in terms of the bidirectional reflectance distribution function. Also, we examined the difficulties of Ni-P electroless deposition and blackening inside the cavity. The measured absorptance of the cavity showed some discrepancies of the simulated absorptance mostly probably due to Ni-P non-uniformity coating.
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INTRODUCTION
Earth’s climatic variability can be attributed to both forcing causes: anthropogenic and natural. Climate change includes a wide range of parameters resulting in a highly complex system. Total Solar Irradiance (TSI) represents all incoming solar radiation per unit area. Despite the improvement of accurate measurements provided by the instruments, the relationship between the Sun and the TSI variability over long time scales remains unknown. Although there is no evidence on the influence of the short time TSI variability on the Earth’s climate, the variability from minutes to a solar cycle responds to solar features as sunspots, faculae, flares, conventions, and oscillation.
The direct quantification of electromagnetic radiation in terms of power depends on absolute radiometers. These radiometers are commonly called Electrical Substitution Radiometer (ESR) because they compare the optical power absorbed and the electrical Joule heating generated by the passage of current in a known electrical resistance. Estimating the sources of uncertainties requires precision in the calibration of components, subsystems, and the entire instrument. Analysis of uncertainties sources plays a key role in achieving high levels of accuracy. Ground calibrations are accomplished on the components such as the aperture area, applied radiometer power, and cavity/radiometer absorption [1]. The final calibration of the radiometers to monitor the TSI is essential to ensure the continuity and accuracy of the data. Since 2007, a TSI Radiometer Facility allows end-to-end irradiance calibrations of TSI instruments by comparing them directly against a cryogenic radiometer before launch [2]. Cryogenic radiometers are a particular type of ESR that operating at liquid helium temperatures allows demonstrating the exact equivalence of electric and radiant heating [3].
This paper is part of a program to understand the effects of the magnetic structure of the Sun and its impact on Earth’s atmosphere. Our research consists of the development of an active cavity model. The model is based on ray-tracing software. And we considered three intended designs for the TSI radiometer. We built one of the geometries and compared the simulated absorptances with the calculated from reflectance maps.
ELECTRICAL SUBSTITUTION RADIOMETER
Thermal detectors exploit the heating of a body due to the absorption of electromagnetic radiation. The key components of a radiometer are an optical absorber, electrical heater, temperature-sensitive element, a thermal link, and heat sink (Figure 1). Detectors are designed to maximize the absorption of incident radiation by using materials with high absorption coefficients and cavities with specific geometries.
[image: Figure 1]FIGURE 1 | Schematic of an electrical substitution radiometer (ESR).
Instruments usually perform TSI measurements in pairs maintained thermally balanced [1]. While one of the sensors is kept in dark as a reference the other sensor is exposed to solar radiation (Φ). Most of the optical radiation will be absorbed and lead to a temperature gradient between the cavity and the heat sink. These temperature changes are quantified by temperature-dependent mechanisms, such as thermoelectric voltage, resistance, or pyroelectric voltage [4, 5]. The heat flow created by the temperature change in the cavity depends on a poor heat conductor linked to the heat sink kept at a constant temperature. Once the system is the vacuum environment, temperature changes due to radiation absorption are equivalent to electric Joule heating, so the optical power can then be measured. The differences between the electric and radiant heating regions result in a non-equivalence effect. Determining uncertainties and errors due to non-equivalence is a critical issue for measuring TSI.
CAVITY OPTICAL SYSTEM
The design of the geometry and size of the cavity need to take into account the minimization of reflectance (ρ) and the time for thermal equilibrium to be established. The combination of the use of black low-reflectance internal coatings and the shape of the cavity increases the element's absorptance (α = 1 − ρ). Many cavities have the interior coated with black specular or diffuse paints as MAP–PU1 [6] and Aeroglaze Z302 [7]. Etched nickel-phosphorus (Ni-P) was applied in cryogenic radiometers [8] and on the space environment by the Total Irradiance Monitor (TIM) instrument [1]. Ultra-black Ni–P is capable of absorbing 99.7% of light due to surface morphology consisting of high pore density. However, absorption depends on both the incident and reflected directions as demonstrated by the characterization of bidirectional reflectance distribution function (BRDF) [9]. The impact of the light scattering coming out of the cavity and how much it relies on the geometry were evaluated employing ray tracing software Zemax OpticStudio 16.
The cavities designed in this paper are based on the conical shape and size compatible with the mechanical structure of the radiometer described by [10]. Figure 2 shows the configuration of the model in the non-sequential mode of the ray path. An 8 mm diameter incident beam that matches exactly the area of precision aperture illuminates the cavity. The power is ≈ 68 mW corresponding to the radiation allowed by the precision aperture for TSI = 1,360.8 ± 0.5 W m−2 [11].
[image: Figure 2]FIGURE 2 | Schematic overview of NSC 3D-Layout simulated in Zemax OpticStudio.
We use two rectangular virtual detectors (size: 20 × 20 mm and pixels: 100 × 100), one to collect rays that reach the entrance of the cavity and the other to collect rays that leave the cavity. Moreover, parameters as the total power launched and the number of rays from the source influence the accuracy of the results observed in the detector. The rays leaving the source were defined by the Sobol sampling method. Figure 3 shows the total power converging for the analyzes with a rays number greater than 2 × 107 and the standard deviation decreases above this number of rays. A high Signal-to-Noize Ratio (SNR) depends on factors as pixel number, source uniformity, and sampling method.
[image: Figure 3]FIGURE 3 | Relationship between the number of rays and the total reflected power in the detector. The dotted line represents the standard deviation.
The black material of the internal surface influences the effect of the cavity scattering properties. We adopted ultra-black Ni-P as black material due to the high absorptance and electroless deposition being relatively uniform in complex geometries. A dense array of pores to the surface confine the perpendicular incident light resulting in reflectance of 2,253 ppm at 532 nm. However, at highest incident angles may have part colliding with the lateral wall of the pores, resulting in a reflectance increase. Therefore, ultra-black Ni–P exhibits a dependence on the light incidence angle, then we employed the bidirectional reflectance distribution function (BRDF) for more realistically defining properties of a surface.
Figure 4 shows the three simulated cavities and Figure 5 presents the results of the reflected rays on the rectangular detectors in front of the cavities. The incoherent irradiance scale was adjusted on each panel relative to the peak of irradiance to highlight the features of the outgoing rays. From Figure 5, it can be seen that the reflected flux out of the cavity is non-uniform. And the irradiance distribution is influenced by the change in cavity geometry. It is noticeable the flux concentrated near the bord for conical geometry (C1). We infer this region due to component specular observed on the coating depending on the angle of incidence of the light in the pores, although the predominantly diffuse reflectance [9]. On the other hand, adding a cylinder (geometry C2 and C3), the distribution flux seems like a “salt-and-pepper” appearance. Indicating the specular component has been mostly absorbed in this new segment. And the cavities (C2 and C3) resulted in a higher flux density at the center region. These patterns occur due to the result of the geometric relationship between cavity geometry and the incident angle of the beam in the perpendicular pores to the cavity surface.
[image: Figure 4]FIGURE 4 | The three geometry shapes of cavity: cone (C1) cylinder/cone (C2) and cylinder/cone with a tube at the apex (C3).
[image: Figure 5]FIGURE 5 | Simulation results of incoherent irradiance distribution of the cavities C1 (top), C2 (middle) and C3 (bottom).
The cavities absorptance (α), in Table 1, was calculated by the ratio between the total input power (Pinput), 68 mW, and total reflected power (Preflected) given by:
[image: image]
In order to perfectly fit the electrically heated region and the radiant power, we added two virtual detectors to the cylinder and cone surface. Figure 6 shows that most of the incident light is absorbed in the rear conic region mainly due to the high Ni-P absorptance. The incoherent irradiance profile rapidly increases approximately 38 cm for C2 and 40 cm for C3 from the entry edge. While a smaller number of scattered rays are absorbed in other regions. This result allows the electric heater positioning in the place as close as possible to that heated by the radiant power. However, diffuse scattering in other parts contributes to the uncertainties of the equivalence between radiant and electric heating.
TABLE 1 | Simulated absorptance for three cavities.
[image: Table 1][image: Figure 6]FIGURE 6 | Incoherent irradiance along the cavity of cross-sectional detector for geometries: cylinder/cone geometry (top) and cylinder/cone with a tube at the apex (bottom). X = 24, 4 cm marks the junction of the cone and cylinder.
CAVITY FABRICATION
The cavities were made by silver electrodeposited on the aluminum die which was subsequently etched by an alkaline solution of sodium hydroxide. Electroless Ni-P plating is an auto-catalytic process and the deposition on non-catalytic substrates requires specific surface preparation. The clean silver surface was activated by an instantaneous cathodic current in the electroless nickel bath. The current has been interrupted and the electroless deposition continues as previously described in detail [9]. The Ni-P surface inside the silver cavity was etched with an oxidizing acid (HNO3, 9M) to produce ultra-black Ni–P. It has been observed difficulty in obtaining a deep black layer at the tip end of the cone (geometry C2) due to the vigorous blackening reaction. The interior of complex geometric shapes is very difficult to coat, then we designed the curved tube with a small hole in the cone apex, which was later closed. This hole allowed both the release of the hydrogen bubbles generated on the electrode in the electroless deposition and the flow of acid in the etching process. This useful solution allowed us to produce a visually uniform black surface inside the cavity, as seen in Figure 7.
[image: Figure 7]FIGURE 7 | Silver cavity with tube at the apex of the cone (A) and cross-section coated with ultra-black Ni-P (B).
REFLECTANCE MEASUREMENTS
The spatial reflectance device mapped the sample over a circle with a diameter of 8 mm which corresponds to the illuminated area in the cavity. The measurement setup consists of laser (375, 532, or 633 nm) as the light source and associated optics features as chopper, lens, iris, integrating sphere, and a silicon-diode detector [12]. The integrating sphere was mounted on a platform to move on two axes to scan line by line with a line/point step of 0.3 mm. The reflected light was measured relative to a diffuse NIST-traceable standard (Labsphere Inc., SRS-02).
Figure 8 shows the measured reflectance maps for two conical cavities with a curved tube at the apogee. It is noticeable that the reflected flux out of the cavity is non-uniform and different for both cavities. The results showed a maximum reflectance at the center next to the apex region for cavity C3-A. On the contrary, the center of the cavity C3-B is the lowest reflectance region. We propose that the high reflectance spots in C3 cavity in the center and lower right are due to possible anomalies of the layer resulting in the mostly specular reflection at these points. The reflectance of 220 ppm is the average of the amount scattered light out of the cavity calculated from the data maps. However, the simulated reflectance is 1.1 ppm for this geometry (Table 1).
[image: Figure 8]FIGURE 8 | Reflectance map of two cavities (C3 (A)/top and C3 (B)/bottom) with a curved tube at the apogee for the wavelengths: 375, 532, and 633 nm. The upper value of each panel represents the average reflectance in ppm calculated from maps.
The distinction between simulated and measured reflectance can be expected due to the morphological characteristics of ultra-black Ni-P. Even in a flat sample, the Ni-P reflectance is non-uniform, and there are higher reflectance points due to the impact of the size and depth of the pores. These pores act as light traps for wavelengths smaller than their diameters. In addition to the inherent variability in both the Ni-P electroless deposition and etched, additional difficulties in the manufacture of the cavity have been founded as a unique part that was solved by the curved tube at the apex of the cone.
APPLICATION DESIGN CONSIDERATIONS
The ESR configuration takes account of the effects due to the wave nature of solar radiation. Radiometers’ geometric layout of the aperture and cavity are placed to reduce the effects of scattering and diffraction to almost negligible levels. Shirley, 2005 [13] describes two radiometers for TSI measurements as an example. PMO6 has a non-limiting aperture in front of the instrument and a defining aperture next to the cavity. TIM positioned three non-limiting apertures between the cavity and a smaller diameter limiting aperture in front of the instrument. Non-limiting apertures are large enough to permit the passage of rays defined by the precision aperture. This layout using a smaller diameter precision aperture in front of the radiometer prevents rays off-axis from reaching the cavity performing well in a real configuration. In the PMO6 configuration, a small fraction of excess radiation led to the diffraction correction of 1.001280, whereas TIM has flux loss and correction of 0.999582 [14].
We simulated a simple design with essential elements limiting aperture in front of the radiometer and three non-limiting apertures based on TIM dimensions (Figure 9). We used a point source, and the rays emerge with a small divergence angle. In Figure 10, the pattern of the “salt-and-pepper” appearance of C3 cavity rays out remains. The comparison between total power reflected (W) on the detector is 1.38.10–8 W smaller than for the collimated light rays simulated. Although, the small solar radiation divergence, the collimated beam in the experimental investigation and simulations describe properly the reflectance features of the cavities.
[image: Figure 9]FIGURE 9 | Schematic overview of NSC source, aperture and detector layout simulated in Zemax OpticStudio.
[image: Figure 10]FIGURE 10 | Simulation results of incoherent irradiance distribution of the cavity C3 in a simplified ESR layout for TSI measurement.
CONCLUDING REMARKS AND FUTURE DIRECTIONS
This paper has discussed a way to design cavities for absolute radiometers. The layout allowed the visualization of the geometry effect on the rays spread out of the cavity. Three geometric designs have been considered in the simulation: cone, cylinder plus cone, and cylinder plus cone with a tube at the apex. Although the high absorptance performance of cylinder plus cone geometry, the non-uniformity of the black coating on the bottom made the method for this cavity size unfeasible. The geometry with a tube at the apex of the cone simulated exhibited an absorption reduction of 7.10–7. However, the visual inspection indicated uniform black coating inside of the manufactured cavity. Even with careful control of the electroless deposition and etch parameters, the inherent variability of these processes added to the extra difficulty of the geometry resulted in reflectance map measurements with different behavior. From the reflectance maps measurements, absorptance was 0.9997998 ± 0.0000196 at 532 nm.
The results showed most of the incident radiation is absorbed in the bottom of the cavity; another part is absorbed by multiples internal reflections along the entire cavity. And eventually, some rays are spread out. In supplementary studies, the non-equivalence factor between optical and electric heating must be calculated considering the radiative power profile absorbed by the cavity to trace changes in temperature distribution.
In general, the increase of the cavity size for a specified diameter results in absorption enhancement. But the larger cavity increases the time constant that is determined by the thermal resistance and thermal capacity. Larger absorbing cavities usually are used in cryogenic radiometers that work at a temperature of approximately 4 K to decrease the specific heat. Therefore, optimize the absorptivity cavity and the time constant is crucial for room-temperature ESR radiometers to improve the instrument sensitivity.
The performance of the ultra-black Ni-P coated cavity is suitable for application radiometers in ESRs. Electroless Ni–P deposition has important advantages as simplicity of equipment, uncomplicated deposition procedure, low cost, and does not require high-melting-point substrates. The future work aims to improve the model including information of the different morphological finishes on the surface cavity, other black materials as carbon nanotubes, and implement other beam parameters.
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