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INTERNATIONAL




Designation: E 903–96
       ENGLISH

Standard Test Method for 
Solar Absorptance, Reflectance, and Transmittance of Materials Using Integrating Spheres1 
This standard is issued under the fixed designation E 903; the number immediately following the designation indicates the year of original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A superscript epsilon (() indicates an editorial change since the last revision or reapproval. 
[17 NOV RM new comments added in italics & bold]
[31 OCT Mike Rubin writes and RM agrees that: “We should continue to require the use of an integrating sphere for two

reasons: (1) we will need it later when we do allow diffuse samples and (2) it is a better choice even for specular samples. It is sometimes true that nonintegrating detectors can give a better result for specular samples, but that is only if an expert uses them carefully. Integrating spheres hide [I would say “cover”] a multitude of sins and so are a better choice for the group of fairly skilled technicians who want to make measurement in a reasonable period of time with reasonable accuracy.

“I agree that you might as well improve the standard wherever possible before resubmitting. It shouldn't be identical to the original which could use an overhaul. I don't think we need a separate guide document other than NFRC 302. Even with the original E903 we used NFRC 302 as a referencing document for the solar and infrared standards and a place to note exceptions. So we might have to rewrite a part of 302 or simply pass and addendum until the next revision cycle.” This makes good sense to me and is the basis for my further comments to follow.]
 1. 
Scope

1.1 This test method covers the measurement of spectral absorptance, reflectance, and transmittance of materials using spectrophotometers  equipped with integrating spheres.

1.2 Methods of computing solar weighted properties from the measured spectral values are specified.

1.3 This test method is applicable to materials having both specular or diffuse optical properties. Except for transmitting sheet materials that are inhomogeneous, patterned, or corrugated, or otherwise spatially nonuniform, this test method  is preferred over Test Method E 1084. (Mike Rubin will edit this section to clarify-12/14/6, NFRC 302 may also be edited to clarify diffuse material testing scope)
1.4 This standard does not purport to address all of the safety concerns, if any, associated with its use. It is the responsibility  of the user of this standard to establish appropriate safety and health practices  and determine the applicability of regulatory limitations prior to use.
 2. Referenced Documents

2.1 ASTM Standards:
     E 275 Practice for Describing and Measuring Performance of Ultraviolet, Visible, and Near Infrared  Spectrophotometers

     E 424 Test Methods for Solar Energy Transmittance and Reflectance (Terrestrial) of Sheet Materials

     E 490 Standard Solar Constant and Zero Air Mass Solar Spectral Irradiance Tables

     E 772 Standard Terminology Relating to Solar Energy Conversion3
   G173-03e1 Standard Tables for Reference Solar Spectral Irradiances: Direct Normal and Hemispherical on 37° Tilted Surface3
     E 1084 Test Method for Solar Transmittance (Terrestrial) of Sheet Materials Using Sunlight3
     E 1175 Test Method for Determining Solar or Photopic Reflectance, Transmittance, and Absorptance  of Materials Using a Large Diameter Integrating Sphere3
Make reference to spectral averages, possibly NFRC 300 language-Mike Rubin suggestion-12/14/6
2.2 Other Document:
     Federal Test Method Standard No. 141, Method 6101

3. Terminology

3.1 Definitions—The following definitions are consistent with Terminology E 772.[Need to review to make sure still true]  Additional terms appropriate to this test method are included in Terminology  E 772. 

3.1.1 absorptance, (, n—the ratio of the absorbed radiant flux to the incident radiant flux. [The n,being italicized looks like another symbol for absorptance. In fact it means “noun” and I recommend unitalicizing it to make the noun designation part of the definition.  Even better, it should be “( — n , the…” in which case I’d have no objection to italicizing the “n”. If the current usage is common to all ASTM standards, I’ll withdraw this comment, which applies to all the remaining terminology definitions below.]
3.1.2 diffuse, adj—indicates that flux propagates in many directions, as opposed to direct beam, which refers to quasi-collimated  flux (having a beam spread of 0.5 degree or less, the angular diameter of the solar disk). When referring to reflectance, it is the directional-hemispherical reflectance less the specular reflectance.

3.1.3 integrating sphere, n—an optical device used to either collect flux reflected or transmitted from a sample into a  hemispherical solid angle or to provide isotropic irradiation of a sample from a complete hemispherical solidangle. It consists of a cavity that is approximately spherical in shape with apertures for admitting and detecting flux and usually having additional  apertures over which sample and reference specimens are placed.

3.1.4 irradiance, E, n—a radiometric term for the radiant flux that is incident upon a surface (W·m(2).

3.1.5 near normal-hemispherical, adj—indicates irradiance to be directional (quasi-collimated) near normal to the specimen surface and the flux  leaving the surface or medium is collected over an entire hemispherical solid angle for detection. 

3.1.6 radiant flux, (, n—a radiometric term for the time rate of flow of energy in the form of electromagnetic energy  (watts).

3.1.7 reflectance, (, n—the ratio of the reflected radiant flux to the incident radiant flux.

3.1.8 solar, adj—(1) referring to radiometric quantities, indicates that the radiant flux involved  has the sun as its source, or has the relative spectral distribution of solar  flux, and (2) referring to an optical property, indicates  a weighted average of the spectral property, with a standard solar spectral  irradiance distribution as the weighting function.

3.1.9 spectral, adj—( 1) for dimensionless optical properties, indicating that the property was evaluated at a specific wavelength, (, within a small wavelength interval, ((  about (, symbol wavelength in parentheses as L(350 nm), or as a function  of wavelength, symbol L((), and (2) for a radiometric  quantity, the concentration of the quantity per unit wavelength (or frequency), indicated by the subscript lambda, as L( = dL/d(; at a specific wavelength,  the wavelength at which the spectral concentration was evaluated may be indicated  by the wavelength in parentheses following the symbol, L( (350 nm).

3.1.9.1 Discussion-The parameters of frequency, (, wavenumber, (, or photon energy may be substituted for wavelength, (, in this definition. 

3.1.10 specular, adj—indicates the flux leaves a surface or medium at an angle from the normal to the surface that is numerically equal to the angle of  incidence, lies in the same plane as the incident ray and the perpendicular,  but is on the opposite side of the perpendicular to the surface.
3.1.11 conical, adj—indicates that the solid angle of flux incident or emergent from a surface is conical in shape and is less than a full 2π steradian hemispherical one.
3.1.11.1 Discussion-Diffuse has been used in the past to refer to hemispherical collection (including the specular component). This use is deprecated in favor of the more precise term  hemispherical.

3.1.11.2 Discussion-Reversing the order of terms in an adjective qualifying the solid angles of incidence and emergence reverses the geometry of the incident and collected flux respectively.

3.1.12 transmittance, (, n—the ratio of the transmitted radiant flux to the incident radiant flux.

 4. Summary of Test Method

4.1 Measurements of spectral near normal conical-hemispherical transmittance (or reflectance) are made over the spectral range from approximately 300 to 2,500 nm with an integrating sphere spectrophotometer having a small conical solid angle of incident flux on a sample.

4.2 The solar transmittance, reflectance, or absorptance is obtained by calculating a weighted average over wavelength with a standard solar spectral  irradiance as the weighting function by either the weighted (see 8.3.3)  or selected (see 8.3.4) ordinate method.

 5. Significance and Use

5.1 Solar-energy absorptance, reflectance, and transmittance are important in the performance of all solar energy systems ranging from passive building systems to central receiver power systems. This test method provides a means for determining these values under fixed conditions that represent an average that would be encountered during use of a system in the  temperate zone.

5.2 Solar-energy absorptance, reflectance, and transmittance are important for thermal control of spacecraft and the solar power of extraterrestrial systems. This test method also provides a means for determining these values for extraterrestrial conditions.

5.3 This test method is designed to provide reproducible data appropriate for comparison of results among laboratories or at different  times by the same laboratory and for comparison of data obtained on different  materials.

5.4 This test method has been found practical for materials having both specular and diffuse optical properties except for those materials that are inhomogeneous, patterned, corrugated, or otherwise spatially inhomogeneous.
(Mike Rubin will develop new language for diffuse materials and their limitations-12/14/6)
 6. Apparatus

6.1 Instrumentation:

6.1.1 Spectrophotometer—A spectrophotometer with an integrating sphere attachment capable of measuring the spectral characteristics of the test specimen or material over the solar spectral region from approximately 300 to 2500 nm is required. Double beam, ratio recording instruments are recommended because of their low sensitivity to drift in source brightness or amplifier gain. Recording spectrophotometers with integrating spheres that have been found satisfactory for this purpose are commercially available.

 Note 1—For determining extraterrestrial solar optical properties using Standard E 490, the spectral region should extend down to 250 nm and the solar spectral weighting function should be an extraterrestrial one.

6.1.1.1 The integrating sphere shall be either a wall-mounted type such that the specimen may be placed in direct contact with the rim of an aperture in the sphere wall for transmittance and reflectance measurements or an Edwards type such that the specimen is mounted in the centerof the sphere for reflectance and absorptance measurements.

 Note 2—The interior of the integrating sphere shall be finished with a stable highly reflecting and diffusing coating. Sphere coatings having the required  properties can be prepared using pressed tetrafluoroethylene polymer powder,
  or airbrushed Eastman White Reflectance Paint.

 Note 3—For high accuracy (better than ±0.01 reflectance units) measurements, the ratio of the port area to the sphere wall plus port area should be less than 0.001 (1).
  In general, large spheres (> 200 mm) meet these requirements and are preferred while small spheres (< 100 mm) can give rise to large errors (depending upon the sample port size).  [RM: The paper cited for this restriction is by David Goebel on “generalized integrating sphere theory” published by Applied Optics in 1967. It contains no limitation nor direct guidance for an acceptable ratio of sample port area to sphere wall area. It does, however, give relationships for the efficiency of flux transfer from one port to another in a sphere with regions of differing wall reflectance. The theory can be used to examine the consequences of changing port reflectances by insertion of samples into the port. I believe that the ratio of port area to sphere wall area does not have to be so small for all combinations of sample size and reflectance, depending on the design of the integrating sphere Ross M/Jacob. will continue to investigate.] 
6.1.1.2 For the evaluation of near normal-hemispherical or hemispherical-near-normal reflectance, the direction of the incident radiation or the direction of viewing, respectively, shall be between 6 and 12° from  the normal to the plane of the specimen so that the specular component of  the reflected energy is not lost through an aperture. Ambient light must be  prevented from entering the sphere by placing a ring of black velvet around  the external rim of the specimen ports or by covering the entire sphere attachment with a light tight housing. Several acceptable system configurations are illustrated  in  Annex A1.

 Note 4—The hemispherical incidence, near-normal irradiation-viewing mode is also allowed under this test method since the Helmholtz reciprocity relationship which  holds in the absence of polarization and magnetic fields guarantees equivalent  results are obtainable.

6.2 Standards:

6.2.1 In general, both reference and working (comparison) standards are required. Reference standards are the primary standard for the calibration of instruments and working standards. Reference standards that have high specular reflectance, high diffuse reflectance, and low diffuse reflectance are available from the National Institute of Standards and Technology as Standard Reference Materials (SRM).

6.2.1.1 Working standards are used in the daily operation of the instrument to provide comparison curves for data reduction. In general, ceramic and vitrified enamel surfaces are highly durable and desirable. A working standard shall be calibrated by measuring its optical properties relative to the properties of the appropriate reference standard using procedures given  in 8.2.

 Note 5—Even the best standards tend to degrade with continued handling. They should be handled with care and stored in a clean, safe manner. Working standards should be recalibrated periodically and cleaned, renewed, or replaced if degradation is noticeable. Avoid touching the optical surfaces. Only clean soft cloth gloves should be worn for handling the standards. Only lens tissue or sterile cotton is recommended for cleaning. This is especially important for reference  standards carrying NBS calibration.

6.2.2 For transmitting specimens, incident radiation shall be used as the standard relative to which the transmitted light is evaluated.  For some applications calibrated transmittance standards are available.

6.2.3 For diffuse high-reflectance specimens, a working standard that has high reflectance and is highly diffusing over the range of the solar spectrum is required.

 Note 6—Identified suitable working standards are tablets of pressed tetrafluoroethylene polymer, BaSO4, BaSO4-based paints, and white ceramic tile. The Halon (2) has superior reflectance at the longer wavelengths of interest but is less durable and more difficult to reproduce accurately. Magnesium oxide either pressed or  smoked is no longer recommended for use as a standard.

6.2.4 For specularly reflecting specimens, a working standard that is highly specular is required. Identified suitable working  standards are vacuum-deposited thin opaque films of metals. All front surface  metalized working standards shall be calibrated frequently with an absolute  reflectometer or relative to an NIST standard reference mirror before being  acceptable in this test method. An acceptable working standard for low-specular-reflectance is a flat piece of optically polished black glass.

 Note 7—Although aluminum is most often used because of its high reflectance and ease of deposition, it is very unstable and scratches easily. Other metals  such as chromium, nickel, and rhodium are much more durable. High vacuum ((  10(10 torr) is required for obtaining pure films with the  best optical properties  (3). 
6.2.5 For absorber materials, a working standard that has low reflectance over the range of the solar spectrum is required in order  to obtain an accurate zero line correction.

 Note 8—Black semi-matt porcelain enameled substrates, black barbeque, stove, or wrought iron fence paints, and opaque black glass are suitable working standards. For very low-reflectance materials light traps reflecting < 0.005 can be fabricated to calibrate sphere performance.

 Note 9—Light traps can be made by viewing the edge of a stack of razor blades, a 60° black cone, or by forming an approximate exponential horn by drawing  a glass tube and painting it with a high-gloss black paint.

6.2.6 If an absolute sphere is completely free of the flux losses referred to in 10.2.1, no working standard is required. A comparison of the measured reflectance of a primary reference standard to its calibration  value will give a good estimate of the error due to flux losses, if any, from  a nearly absolute sphere such as described in  A1.1.2 and A1.1.3.

 7. Test Specimens 

7.1 Specimens for Wall-Mounting Spheres:

7.1.1 The size of test specimens required depends on the dimensions of the integrating sphere. For wall-mounted spheres the specimen must be large enough to cover the aperture of the sphere. For the measurement of transmittance of transmitting specimens, the smallest lateral dimension of  the specimen shall be at least ten percent larger than the sphere aperture. There may be no limit on maximum dimension. For patterned samples, either the specimen shall be large enough to make a number of measurements over different areas for averaging purposes, or several specimens representing the different areas of the material shall be used. (Diffuse/Specular clarification needed here-12/14/6)
7.1.2 Opaque specimens shall have at least one surface that is essentially plane over an area large enough to cover the aperture of the sphere.

7.1.3 Transparent and slightly translucent specimens shall have two surfaces that are essentially plane and parallel. In order  to reduce light scattered out the edges of translucent specimen, the minimum  distance between the edge of the beam and the edge of the aperture shall be  ten times the thickness of the specimen.

7.1.4 The transmittance of highly scattering translucent samples is not easily measured with an integrating sphere instrument, because a significant portion of the incident flux will be scattered outside the aperture.  For such materials the standard test method using the sun as a source (Test  Methods E 1084 or E 1175)  is preferred. (Jacob will develop better language for this section-12/14/6)
 Note 10—If such a sample must be measured, the edge losses can be greatly reduced by using a circular sample of diameter slightly less than that of the aperture, and coating the edge with silver, using the wet mirror process. Alternatively small stops can be cemented to the edges of the sample, so that it can be suspended in the aperture with about half of its thickness extending outside the aperture. [This is not very clear to me. A drawing would definitely help. See below] 
[image: image1.wmf]Sample placement in entrance port

The text in Note 10 appears to 

describe this configuration


7.2 Specimens for Edwards Sphere—The area of the specimen shall be limited to 0.01 of the surface area of the sphere. 

 Note 11—For a 200-mm diameter sphere, the required specimen size would be |Lq [Less than?] 20 mm in radius.

 8. Procedure

8.1 Calibration—Calibrate linearity and wavelength scales of the spectrophotometers as recommended by the manufacturer  or in accordance with Practice E 275.[Check if still published] Check on  calibration annually.

8.2 Measurement:

8.2.1 Correction for 100 % and Zero Line Errors:

8.2.1.1 Record 100 % and zero line curves at least twice a day during testing.

 Note 12—Variations in signal from the two beams are normal, usually wavelength dependent, and give rise to nonideal 100 % lines. Similarly beam cross talk, light scattering or leaks, and detector noise give rise to a nonideal zero line. These effects produce errors in the measured ratio of the flux  reflected by the specimen and the working standard.

8.2.1.2 For spheres with separate sample and reference ports, record the 100 % line curves using identical high-reflectance  specimens in both ports. The specimens are identical in reflectance if the recorded curve does not change when the two specimens are interchanged.

8.2.1.3 For reflectance measurements, record the zero line with a perfect absorber or light trap in the sample port.

 Note 13—The practice of recording the zero line with the same [sample?] beam blocked at the entrance port is discouraged because the effect of scattered light incident  on the sphere wall is not included.

8.2.1.4 For transmittance measurements, record the zero line with the sample beam blocked, preferably as far in front of the entrance port as convenient.

8.2.2 Reflectance of Opaque Specimen—ComparisonType Sphere: 
8.2.2.1 Record the spectral 100 % and zero lines as indicated in 8.2.1.

8.2.2.2 Record the spectral reflectance of specimen relative to the working standard by placing the specimen on the sample port and the standard on the reference port. Include the specular component in the reflectance  measurement.

8.2.2.3 Compute the spectral reflectance, (((), for the specimen, at wavelength ( using:

EQ  (\b\lc\(\rc\)(() = \b\lc\(\rc\)(S( ( Z ()/\b\lc\(\rc\)(100( ( Z()( (\b\lc\(\rc\)(() 

(1) 

where:  

	S(   
	= 
	recorded specimen reading,  

	Z (   
	= 
	zero line reading,  

	 100(   
	= 
	100 % line reading, and  

	( ((()  
	= 
	calibrated spectral reflectance for the working standard or reference, all at wavelength (.  


8.2.3 For the reflectance of opaque specimen of an absolute sphere, compute the spectral reflectance as:

EQ  (\b\lc\(\rc\)(() = \b\lc\(\rc\)(S( ( Z ()/\b\lc\(\rc\)(100( ( Z()  

(2) 

where:

	100(
	= 
	 100 % correction obtained with the specimen port replaced by a sample having a coating and a curvature identical to the sphere wall. The zero line  correction for an absolute sphere is usually so small that it can be neglected. 


 Note 14—Slightly different procedures may be required for other sphere designs.

8.2.4 For reflectance of transparent or translucent materials or specimens having transmittance greater than 0.001, back the specimen by a light trap or black material having a low reflectance (< 0.02) over the  300 to 2500-nm spectral range. For these measurements, the zero line shall be recorded with the specimen removed but the light trap or backing still in place. Obtain the spectral reflectance following 8.2.2.

8.2.5 Transmittance—Cover the specimen and reference ports at the rear of the sphere with surfaces having the same  coating and optical properties as the sphere walls when measuring transmittance  (Note 15). Record spectral curves without any specimen in place and then with the specimen over the specimen beam entrance port of the sphere.  Calculate the spectral transmittance as:

EQ   (\b\lc\(\rc\)(() = \b\lc\(\rc\)(S( ( Z ()/\b\lc\(\rc\)(100( ( Z()   

(3) 

where:  

	S(   
	= 
	signal recorded with the specimen over the entrance port, 

	Z(   
	= 
	zero line reading with the specimen beam blocked with an opaque material, and 

	 100(   
	= 
	line recorded with no specimen over the specimen beam entrance port. 


 Note 15—The working standards, 6.2.3, could be used with only a small error.

8.2.6 Absorptance—For opaque samples record the reflectance spectrum as in 8.2.2. The solar absorptance is calculated by first obtaining the solar reflectance as in 8.3 and subtracting from 1, that is,with (s = 0 in the Kirchoff relationship:

EQ  ( s + (s + (s = 1   

(4) 

one can solve (4) for αs
 = 1 – ρs
8.2.6.1 For non-opaque samples, either obtain both the solar reflectance and solar transmittance using the described techniques and calculate the solar absorptance by using the Kirchoff relationship, or use an Edwards-type integrating sphere instrument with the specimen mounted so that the beam that exits through the back of the specimen is free to fall on the sphere wall. In this case the sum ((() + ((()  is measured directly. Then use 8.3 and the Kirchoff relationship to determine the solar absorptance.

8.3 Computation of Solar Properties— Solar energy transmittance or reflectance is computed by the weighted ordinate or 50 selected ordinate method.

8.3.1 Solar Spectral Irradiance Distribution:

8.3.1.1 For terrestrial applications, Standard EXXX???shall be used. Calculate the optical properties using the solar spectral weighting method described below.
8.3.1.2 For extraterrestrial applications, Standard E 490 shall be used. Calculate the optical properties using the solar spectral weighting method described below.
8.3.1.3 No single terrestrial solar spectral irradiance is perfect for the variety of weather and geographical conditions in which solar systems are deployed. The standard G173, adopted  for computation of solar spectrally weighted optical properties, ensures a uniform procedure for reporting and comparing properties in the literature and is now preferred.
8.3.2 Product of Optical Properties( Mike rubin will consider changes here)— When calculating solar optical efficiency of a complicated system such as a reflecting concentrator with an absorber in a transparent envelope or the combined transmittance of a double or triple pane window, the product of ( , (, and ( or of the transmittances of the two panes (1 and (2, respectively, is required. The appropriate procedure is to measure the spectral optical properties of each component (((), (((), and ((() or (1(() and (2((), respectively and form the product ((() = ((()((()((() or (1(()(2(() before solar weighting. Calculate (s  as described in 8.3.3 or 8.3.4. Calculation of (s or overall transmittance Ts from individually weighted properties can lead  to substantial error, that is, (s ( (s(s(s and Ts ( (s1 (s2. (4). 

8.3.3 Weighted Ordinates—Obtain the solar reflectance (s by approximating the integral of the spectral reflectance over the standard spectral irradiance distribution, E(, using a finite element method as follows:

EQ   (s = \b\lc\(\rc\)(\i \su(i = 1,n, )( \b\lc\(\rc\)((i)E (i) ((i) / \b\lc\(\rc\)(\i \su(i = 1,n, ) E(i(( i) 

(5) 

[The second large parenthesis in (5) above is in the wrong place. It should be placed following the delta lambda sub i.]
Solar transmittance (s or absorptance (s is obtained from a similar expression with ((() replaced by ((() or ((() respectively. Here  n is the number of wavelengths for which Eλi  is known. The ((i are not in general constant  but are given by:

EQ  ((i = \b\lc\(\rc\)(( i+1(( i(1)/\b\lc\(\rc\)(2) 

(6) 

For i = 1 and  i = n, one assumes a (( equal to the last interval, that is, ((1 = (2 ( ( 1 and ((n = (n ( ( n(1.

8.3.4 Selected Ordinates:

8.3.4.1 In the selected ordinate method, the solar irradiance distribution is divided into n wavelength intervals each containing 1/n of the total irradiance. The spectral reflectance or transmittance of the sample is evaluated at the centroid ( i of each interval, ( i. The solar reflectance is then calculated as follows:

EQ  (s = 1/n \i \su(i = 1,n, )( \b\lc\(\rc\)((i) 

(7) 

8.3.4.2 The wavelengths (i for the 50 selected ordinates are provided in Standard G173.
[Should we delete the selected ordinate method from this standard?  Are there user groups who still use it?]
[31 October Mike Rubin writes: “yes we could and maybe should eliminate the selected ordinate method because we do not use it. Our philosopy has been that if accurate computer methods exist no matter how complicated then we should just build them into W5 with no burden to the user. The Europeans and some Asian countries however do not share this philosophy yet. They are coming around but until they adopt W5 or until WIS is better supported, hand calculation methods are still supported. So it is an issue of international harmonization. The hard work for nonUS companies submitting to our IGDB is to meaure the data which we do in roughly the same way. After that W5 is used to calculate the window properties so no big problem. On the other hand when US companies try to match CEN or ISO standards then we still need to keep the selected ordinate method available in W5 (which I think we still do; at least it is in the DLL. So that is a possible reason to keep it around in E903. So this is at least half a political issue. One company that has thought about this a lot is Southwall (and many others) because they have a direct sales operation in Europe.” My response is that we will keep it in this draft and perhaps in the final document, so we do not remove options we might need to keep for a while.]]
 9. Report

9.1 The report shall include the following:

9.1.1 Complete identification of the material tested, specimen size and thickness, surface contour if any, description of optical  properties such as diffuse or specularly reflecting, clear or translucent transmitting, etc.

9.1.2 Solar transmittance, absorptance, or reflectance, or all three, determined to the nearest 0.001 unit or 0.1 %.

9.2 Estimated precision (repeatability) and estimated accuracy (closeness of final value to “true” value) reported as uncertainty due to bias. The accuracy and precision shall be reported in the same units as the optical property itself.

9.3 Identification of the instrument used. Manufacturer's name and model number including modifications and accessories is sufficient for a commercial instrument. Other instruments must be described in detail including estimations of their accuracy.

9.4 Solar spectral irradiance and weighting method used for computation of the solar optical property.

 10. Precision and Bias

10.1 Uncertainties in the solar optical properties determined by the application of this test method arise from random errors associated with signal detection and electronic processing, errors introduced by the  geometry of the integrating sphere system and the distribution of scattered or reflected light, errors in the values for standard reference materials, and finally how correctly the spectral solar irradiance used in the calculation matches that at the actual location of system deployment. The contribution from each of these sources is subsequently discussed. Experience has shown that high accuracy is relatively difficult to achieve and depends strongly on operator skill, experience, and care, as well as on equipment design and  maintenance. With materials exhibiting strong specular selectivity (strong variations in spectral optical properties over the solar spectral region), the mismatch between the solar spectral standard used and the actual solar spectrum in field use of the material can be significant. An example is when an air mass 1.5 standard spectral weighting function is used for determining the solar optical property but the field use is with the sun low in the sky producing a much greater air mass between the sun and the solar system and a red-shifted solar spectrum.  In such situations, it may be helpful for the intended use (but not a requirement of this standard) to also determine the solar optical property using a solar spectral weighting function closer to that of the intended application, in which case the report should clearly indicate any alternate solar spectral weighting functions used.
[An anticipated problem with this is that we would still be encouraging the use of a broadband optical property where a fully spectral calculation would be much better. I think we need to re-write this to reflect the importance of a wavelength-by-wavelength calculation, as is recommended in section 8.3.2 for products of more than one optical property.] (Ross M. will move this comment will be more to a better location and add angular selectivity precautions-12/14/6)
(Mike Rubin will update the following section (10.1 to 10.2) based on the 2006/7 optical properties ILC performed at LBNL and other ILCs that may be available.-12/14/6)
10.1.1 Precision—The random uncertainty in the spectral reflectance or transmittance measured with an integrating sphere reflectometer is due almost entirely to the signal-to-noise ratio of the detector-amplifier system. For wavelengths at which the signal to noise ratio is high, the repeatability of measurements made on the same sample with the same reflectometer is usually better than ±0.005 of a full-scale value of 1.0. At the wavelengths near the limits of the spectral range of the detector, usually in the near infrared, the uncertainty due to this source may exceed ±0.02 of a full-scale value of 1.0 at normal scanning speeds.  These uncertainties can be reduced significantly by slow or stepwise scanning to average over longer times at each wavelength. However, since the spectral regions where large uncertainty in reflectance or transmittance occur usually contain very little solar flux, carefully performed measurements can often be repeatable to ±0.1 % or ±0.001 units.

10.1.2 Bias—The following discussion is based on reflectance measurements. Except where noted and in the case of the Edwards-type sphere, the same arguments pertain to the measurement of transmittance.  Simple integrating sphere theory (1) is based on four assumptions: (1) that the sphere coating is uniform in reflectance over the entire inner surface of the sphere, (2) that the sphere coating is a perfectly Lambertian reflector, (3) that none of the reflected flux is lost out of the apertures of the spheres, and (4) that none of the reflected flux reaches the detector without being reflected at least twice by the sphere wall. None of these assumptions can be met rigorously, but they can be closely approached in a well-designed integrating sphere so that the resulting errors are small. Most commercially available  integrating sphere reflectance attachments measure reflectance factor, which  is the ratio of the flux reflected by a sample into a complete hemispherical solid angle to that reflected by a completely reflecting and perfectly diffusing surface under identical conditions of irradiation and collection. It does not measure the reflectance which is the ratio of the flux reflected into a complete hemispherical solid angle to the flux incident on the sample from the monochromator. The conical-hemispherical reflectance factor is proportional to the conical-hemispherical reflectance,  with the constant of proportionality equal to the reflectance of the reference specimen in a comparison-type sphere or equal to one in an absolute sphere.  The advantage of measuring reflectance factor rather than reflectance is that  the ratio of the fluxes reflected by the sample and the comparison standard  is automatically corrected for the major portion of the errors due to nonideal  characteristics of the sphere. An accurate evaluation of the errors present  in a reflectance factor measurement requires a detailed knowledge of the geometrical  distribution of light reflected from both the sample and the reference standard  used in the measurement. Such information is almost never available. However, it is possible to compute the errors for the cases where the specimen and  standard are perfectly diffuse or perfectly specular (5). In general the errors will be of opposite sign when  measuring a diffusely reflecting and a specularly reflecting sample with a diffusely reflecting comparison standard. The integrating spheres of the Edwards- and wall-mounted absolute types use the sphere wall as the comparison standard.  They measure the absolute reflectance factor with relatively small errors due to flux loss. For these spheres, the uniformity of the coating on the  sphere wall becomes an important factor in the bias of the reflectance measurements. 

10.1.2.1 Uncertainty Due to Sphere Parameters—The uncertainty due to the deviations of the sphere from an ideal sphere satisfying the four assumptions in 10.1.2 is a function of sphere design (1) and the geometric distribution  of the flux reflected or transmitted by the sample and the reference standard.  If the specimen and reference standard have the same geometric distribution of reflected flux, the bias will be near zero. If they are markedly different, the errors due to this source can exceed ±0.01 absolute. Best accuracy  is achieved by using a specular reference standard when measuring a specular or near-specular sample, and a diffusely reflecting reference standard when  measuring a diffusely reflecting sample. When measuring transmittance of a translucent material the errors can be significant since the open port which  is completely specular is used as the standard. Well-designed light baffles in the sphere are essential to accurate measurements.

10.1.2.2 Uncertainty in Reflectance of Comparison Standard—The uncertainty in the value assigned to a carefully pressed Halon comparison standard (2) should  be ±0.5 % although for a less carefully prepared specimen it may be as much as ± 2.0 %. This is due primarily to differences  in the thickness of the Halon layer and in the degree of consolidation of  the Halon produced in the pressing process. The uncertainty in BaSO4 reference tablets is typically ±2.0 %. Smoked MgO is no longer recommended as a comparison standard. The use of NIST certified  standards to calibrate the working standard can reduce this uncertainty to less than ± 1.0 %, since no separate comparison standard is  used. This uncertainty is absent from measurements made in the “absolute''  sphere geometries or for transmittance measurements.

10.1.2.3 Uncertainties from Computation— The solar optical property can be computed from the spectral curve by use of either the weighted ordinate or the 50 selected ordinate methods. A study of 19 typical solar materials (6) showed average deviations from the accurate weighted average method of 0.13 %  for 100 point selected ordinates, 0.24 % for 50 point selected ordinates,  and 0.39 % for 20 point selected ordinates with only two deviations greater than 0.6 %. These were 1.3 % deviations for a polycarbonate transmitter and an aluminized acrylic reflector when using the 20 point selected ordinate method.  With modern fast computers the historical early reasons for using the selected ordinate method have less relevance, so it is now recommended [required?] to perform the calculation of solar optical properties with the spectral weighting method, using the relatively large number of wavelengths in solar irradiance standard G173. [When I get a copy of this standard and can read it, this section might need to be changed.]
10.1.2.4 Uncertainties from Solar Spectral Irradiance—No single solar spectral irradiance is perfect for the variety of weather and geographical conditions in which solar collectors are deployed.  The irradiance standard, Standard G173, adopted  for computation of solar spectrally weighted optical properties, ensures a uniform procedure for reporting and comparing properties in the literature. However, this standard spectral distribution is only a best estimate of the average spectral irradiance distribution in temperate zones. In actual deployment, the solar optical properties may vary slightly from the reported numbers at any particular time. The sensitivity of optical properties to various proposed solar spectral distributions has  been explored (6) with the average  deviations of slightly less than ±1 % for materials over 4 different air masses ranging from AM0 (extraterrestrial) to AM2 (Parry Moon) used in Test Methods E 424. The deviation was highest, ±1.1 %, for spectrally selective surfaces and lowest, ±0.4 %,  for reflectors which have relatively flat spectral properties.

10.2 Summary—The total uncertainty in the reported value of solar weighted optical properties is dominated by uncertainties in the measurement of the spectral properties. The root-mean-square sum of errors due to measurement of the spectral properties and the calculation of  the solar properties from the computational method give an expected uncertainty  of ±2 %. The addition of the uncertainty in the spectral irradiance distribution gives a total uncertainty of ±3 to 4 %  for the bias of the measured solar optical property for a particular site  over a year's average.

 Note 16—This is better than the accuracy to which total system thermal performance generally can be measured.
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ANNEX

(Mandatory Information) 

A1. INTEGRATING SPHERE GEOMETRIES  

A1.1  A number of different integrating sphere geometries have been used over the years to obtain  the optical reflectance and transmittance of materials. Each geometry has advantages for specific applications. For a thorough understanding of sphere  applications and performance, Refs 1, 5, 7, and 8 should be consulted. Presented in A1.1.1 through A1.1.4 are the geometries  felt to be most applicable for the use of this test method. Many of the comments on specific applications can be applied to more than one of the geometries.  For a discussion of errors, see Section 10 and Refs 1 and 5. 
A1.1.1 Four-Port Sphere—Because of its versatility, the four-port geometry shown in Fig. A1.1 is the most common sphere supplied with commercially available spectrophotometers.  The reference and sample beams may either cross as shown or be parallel. The sphere gives the reflectance factor of the specimen relative to that of the reference material. Calibration with a reference standard is essential. In the transmittance mode the reference and sample ports are covered with matched  references preferably of the same curvature and material as the sphere wall.  The major problem with most commercial spheres of this type is that their size is small, usually less than 100 mm in diameter, so that the ratio of  the total port area to the sphere wall area including the ports is large.  This can introduce significant errors in a measurement due to flux loss. Large errors can also arise if the angular distribution of the light reflected from the specimen is different from that reflected by the standard. In transmittance measurements of translucent samples, this effect always occurs since the standard is the nonscattering open port. Careful baffle design can substantially reduce errors due to different light scattering distribution.

A1.1.1.1 Spheres of this type sometimes have specular ports with plugs that can be removed for measuring the diffuse reflectance with  the specular component excluded.

A1.1.2 Edwards Sphere— A sphere of the Edwards type (Fig. A1.2) with a center-mounted  sample allows ratio recording of absolute reflectance (9). This geometry is the only one in which the angular dependence of reflectance can be easily evaluated. By rotating the sample  for normal incidence, the entrance port becomes a specular trap and diffuse  reflectance with the specular component excluded can also be measured. Finally, since both reflected and transmitted light is collected by the sphere, absorptance of transmitting samples can be directly measured.

A1.1.2.1 The errors that can occur are related primarily to the uniformity and diffuseness of the sphere coating. A significant drawback is the small sample size required and the necessity of placing it inside the  sphere.

A1.1.3 Wall-Mount “Absolute”—The sphere shown in Fig. A1.3 has a wall-mounted sample that is baffled from the view of the detector (8). The ratio signal obtained with this geometry is nearly absolute. Replacing a segment of the sphere wall with a black cavity that traps all the specularly reflected light permits the measurement of the diffuse  component only. The addition of the light trap reduces the sphere's efficiency and shifts the measurement further away from being absolute. After correction  for changes in sphere efficiency (4), the specular component can be calculated from the difference in measurements with and without the light trap.

A1.1.4 Transmittance Sphere—Fig. A1.4 shows a measurement geometry specifically for determining transmittance at near-normal angles of incidence (4). The sphere has only three ports including the detector and collects nearly all of the transmitted flux. For maximum freedom from errors due to differences in specimen scattering properties, the detector shall be baffled from viewing the sample and either view all the remaining wall area with an isotropic 2( solid angle response or view a very limited segment of the sphere wall that is also baffled from the sample port. In the latter case, low signal-to-noise would require long integration times for  the detection circuit. All baffles should have high reflectance and can be coated with sphere wall material or they can be specular mirrors.
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FIG. A1.1 Four-port, Comparison-type Integrating Sphere (Most Common)

[image: image3.png]N

D |

E ) A

: | o —5

T A -An° +20°
0 | Specimen 40" to *40
R ‘ Incidence

|

Entrance Port

!

|

V4

|/
/

~

Reference Beam —~—

Sample Beam —-—




FIG. A1.2 Edwards-type, Absolute Integrating Sphere for Center-Mounted Specimen
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FIG. A1.3 Absolute Integrating Sphere for Wall-Mounted Specimen (8)
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FIG. A1.4 Integrating Sphere for Transmittance Measurements (8)
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