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ABSTRACT

Emerging instrumental requirements for remotely sensing tropospheric trace species have led to a rethinking by some of
the paradigm for Systéme International d'Unités (SI) traceability of the spectral irradiance and radiance radiometric
calibrations to spectral albedo (sr*-1) which is not a SI unit. In the solar reflective wavelength region the spectral albedo
calibrations are tied often to either the spectral albedo of a solar diffuser or the Moon.

This new type of Mie scattering diffuser (MSD) is capable of withstanding high temperatures, and is more Lambertian
than Spectralon™. It has the potential of covering the entire solar reflective wavelength region. Laboratory
measurements have shown that the specular reflectance component is negligible, and indicate that internal absorption by
multiple scattering is small. This MSD, a true volume diffuser, exhibits a high degree of radiometric stability which
suggests that measurements at the National Institute of Standards and Technology (NIST) could provide a spectral
albedo standard. Measurements are currently in progress of its radiometric stability under a simulated space environment
of high energy ionizing and ultraviolet (UV) solar radiation for its eventual use in space as a solar diffuser.
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1. AMIE SCATTERING DIFFUSER AS A SPECTRAL ALBEDO RADIOMETRIC
STANDARD

The concept for the use of a MSD as a SI traceable spectral albedo radiometric standard was developed by D. F. Heath.
Its SI units traceability is derived from measurements of its bidirectional reflectance distribution function (BRDF) and
bidirectional transmittance distribution function (BTDF) by the NIST Spectra Tri-function Automated Reference
Reflectometer (STARR) II facility which has a measurement uncertainty of 0.5 % (k=2) for the wavelength range from
200 nm to 2.5 pm. A description of the extension of the NIST BRDF scale from 1100 nm to 2500 nm is given by Yoon
et al., 2009'. Laboratory measurements of a MSD have shown that its scattering properties are significantly more
Lambertian than presses polytetrafluoroethylene (PTFE) which for years has been used to derive spectral albedo
calibrations of space instruments which operate in the solar reflective wavelength region. A MSD fabricated from fused
silica has a closed surface structure which should make it less sensitive to contamination than PTFE diffusers which have
an open structure. A significant advantage of a MSD is that it can be used in transmission and reflection modes.

The new paradigm for SI traceable radiometric calibration as advocated by Pollock et al., 2003” and Datla et al., 2009
and 2010> is that two independent SI traceable techniques are required in order to remove a bias component. The MSD
spectral albedo radiometric standard provides this for instruments such as Ozone Mapping and Profiler Suite (OMPS)
which use the standard Spectralon™ panel diffuser which is calibrated for BRDF either at Goddard Space Flight Center
(GSFC) or NIST in conjunction with a NIST FEL lamp standard of spectral irradiance or an internally illuminated
integrating sphere which is calibrated with a NIST standard of spectral irradiance using the well known Walker
technique. (See also Appendix C, NRC, 2000°, and Baillis et al., 2004°, and Bicout et al., 1994’.)



The MSD approach has used primarily a fused silica material fabricated by Heraeus Quarzglas known as OM-100. This
material is fabricated from fused silica which contains irregular shaped voids which are of the order of 20 pm across and
make up approximately 2.3% of the volume of fused silica. This paper describes preliminary results from
characterization measurements of a 2 x 2” x 3.0 mm thick sample and a 12 x 12” x 10.0 mm thick samples of Heraeus
OM-100 that was fabricated from natural fused silica, pegmatite. There are approximately 10"5 — 10”6 voids / cm”2 in
the 3 mm thick sample. These voids are randomly distributed in order to avoid coherence effects which result in spurious
fine structure features. Results described in a subsequent section indicated the need for a synthetic form of a MSD.
Heraeus Quarzglas fabricated a puck from synthetic fused silica. A picture of the puck is shown in Figure 1.

Figure 1. A low OH (250 ppm) puck produced from synthetic fused silica. The size of the puck is a nominal 92 mm in diameter and 35
mm thick. Throughout this paper a nominal diameter of 85 mm is used in order to eliminate edge effects.

Mie scattering diffusers which are calibrated for BSDF and BTDF at the NIST STARR II facility can be used in either a
reflection or transmission mode. Theoretical studies on the physical properties of MSDs indicate that the greatest
accuracy is most likely to be realized when working in the transmission mode. Reasons for this are that spatial coherency
effects are expected to be less, incident polarized radiation is completely depolarized, there is no specular component
(Bicout, et al., 19947), and optical aberrations are likely to be less in an on axis illumination with a radiometric standard
source.



2. DIFFUSE REFLECTANCE, DIFFUSE TRANSMITTANCE, AND CHARACTERIZATION
MEASUREMENTS OF MIE SCATTERING DIFFUSER MATERIALS

Measurements of diffuse transmittance and reflectance are shown in Figure 2 for a 50.8 x 50.8 x 3.0 mm thick diffuser
which was cut from Heraeus OM-100 material, ground with 180 grit, etched, and cleaned. These measurements are

intended to provide important technical information on the characteristics and capabilities of this new class of Mie
scattering diffusers.
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Figure 2. Diffuse reflectance, transmittance, specular, and direct transmittance measurements are given for a 3.0 mm thick sample of
OM-100 which was fabricated from pegmatite (natural fused silica).

Measurements of diffuse transmittance and reflectance are shown in Figure 2 along with measurements of the specular
reflectance and direct transmittance. The specular and direct transmittance measurements are approaching the noise level

of the measurements, and consequently should be considered to be negligible relative to the magnitude of the diffuse
measurements.

An interesting feature of these measurements is that the diffuse reflectance and transmittance appear to be anti-correlated
with the diffuse reflectance being approximately twice as large as the transmittance.
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Figure 3. Shows the sum of diffuse reflectance + transmittance from Figure 2 of natural fused silica, three OH absorption bands, and
the absorption by impurities near 350 nm. The maxima and minima near 770 nm and 1940 nm are likely due to changes in the
detectors. Measurements long ward of 2500 nm were not possible with the equipment that was available.

3. BSDF AND BTDF MEASUREMENTS OF MSDS FABRICATED FROM NATURAL AND
SYNTHETIC FUSED SILICA

This section describes BSDF and BTDF measurements made on a natural form of a fused silica MSD 30 c¢cm square and
10.0 mm thick, and two synthetic fused silica MSDs which are both a nominal 85 mm in diameter and thicknesses of
10.0 mm and 3.0mm. Except for the BSDF and BTDF measurements shown in Figure 4 which were made using the Ball
Aecrospace scatterometer, all other measurements of the properties of MSDs were made outside of Ball Aerospace at
NASA GSFC by the co-author of this work. The measurements of BSDF and BTDF given in this and the following
section were made in the Diffuser Calibration Laboratory (DCL), with the exception of the measurements given in
Figure 4 which were made in the Ball Radiometric Calibration Laboratory (RCL). A description of the instrumentation
and associated uncertainties of the measurements are described in the paper by Georgiev and Butler, 2007°. All of the
analysis work was performed at Ball Aerospace and the Heath Earth/Space Spectroradiometric Calibration Consulting,

LLC.. in Boulder.

A typical example of the preliminary scatterometer measurements which were made at Ball Aerospace are shown in
Figure 4. Unfortunately Ball Aerospace has the capability for making scatterometer measurements at only two
wavelengths, 325 nm and 633 nm. One of the most significant features in this figure is that the MSDs exhibit much
better Lambertian scattering properties in both reflectance and transmittance than PTFE, aka Specctralon™. The other
interesting feature is that 3.0 mm and 10.0 mm thick samples of the synthetic fused silica MSD have nearly identical
values for BSDF; however, the BTDF values are strongly dependant on the thickness of the sample.
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Figure 4. Comparisons of Spectralon™ from Labsphere, Inc. are shown with corresponding measurements of synthetic fused silica
MSDs, and BTDF measurements of 3.0 mm and 10.0 mm thick samples.

Detailed measurements of the BSDF and BTDF properties of the natural fused silica MSD and the two synthetic fused
silica MSDs are given in Figures 5 through 10. The scattering angles are measured with respect to the normal of the
reflectance scattering surface which covers an angular range from 15 deg to 75 deg for BSDF measurements, and 135
deg to 180 deg which is the normal to the BTDF surface. The wavelength range includes eight wavelengths in the region
from 250 nm to 900 nm for the reflectance and transmittance scattering surfaces.
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Figure 5. Wavelength dependence of BSDF measurements of the 30 cm square by 1.0 cm natural fused silica MSD. Angle of incidents
(AOI) = 0°.
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Figure 6. Wavelength dependence of BTDF measurements of the 30 cm square by 1.0 cm natural fused silica MSD. AOI = 0°.
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Figure7. Wavelength dependence of BSDF measurements of 85 mm diameter, 3.0 mm thick synthetic fused silica MSD for an AOI =
OO
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Figure 8. Wavelength dependence of BTDF measurements for 85 mm diameter, 3.0 mm thick synthetic fused silica MSD, AOI = 0°.
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Figure 9. Wavelength dependence of BSDF measurements for 85 mm diameter, 10.0 mm thick synthetic fused silica MSD, AOI = 0°.
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Figure 10. Wavelength dependence of BTDF measurements for 85 mm diameter, 10.0 mm thick synthetic fused silica MSD, AOI =
0°.

In general the characteristics of the natural and synthetic fused silica MSDs are very similar in terms of the magnitude
and wavelength dependence in terms of BSDF and BTDF. The most significant differences are between the angular
differences between BSDF and BTDF. The BTDF values show significantly less dependence on scattering angle than do
the BSDF measurements.

The wavelength dependence of the BSDF at a given scattering angle is significantly less for the 3.0 mm thick synthetic
MSD (~ 2.1 % - 3.6 %) than for the 10.0 mm thick natural and synthetic MSDs (~14 %).

Both the natural and synthetic fused silica MSDs should perform satisfactorily for use in radiometric laboratory
calibrations. Custom fabricated synthetic fused silica MSDs appear to offer superior performance in space due to their
significantly less sensitivity to ionizing particle radiation and their superior spatial uniformity based on initial
measurements of their optical scattering characteristics, and their lower sensitivity to degradation in a space
environment.

4. SPATIAL UNIFORMITY OF NATURAL AND SYNTHETIC MSDS

Figure 11 illustrates differences in the spatial uniformity of BTDF measurements between natural and synthetic forms of
MSDs. While these differences seem to indicate significant differences, these differences are not observable visually.



Figure 11. Photographs of front surfaces of 30 cm square, 10 mm thick natural MSD shown on left and 85 mm diameter 10 mm thick
synthetic shown on right which are back illuminated at a distance of 25 cm by collimated light by a Xenon arc solar simulator with an
air mass 0 (AMO) filter.

A matrix of BSDF and BTDF measurements was constructed from a grid of values (49) at intervals of 20 mm over a 12
cm x 12 cm square at a reflectance scattering angle of 15 deg and a transmittance scattering angle of 180 deg for
wavelengths of 350 nm and 700 nm which were centered on the 30 cm square, 10.0 mm thick natural fused silica panel.

Contour plots are shown in Figures 12, 13, and 14 for BSDF, BTDF, and the sum of (BSDF + BTDF) values at 350 nm
respectively.

The average and the (standard deviation/mean) of the matrix BSDF values at 350 nm and 700 nm are 0.2534 (0.00483)

and 0.2505 (0.00523) for a scattering angle of 15 deg. Similarly the corresponding BTDF values are 0.0758 (0.00504)
and 0.0811 (0.00521) for a transmittance scattering angle of 185 deg.
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Figure 12. Contour plot of matrix BSDF measurements at 20 mm intervals at 350 nm for AOI = 0 for a scattering angle = 15 deg for
the 30 cm square, 10 mm thick natural fused silica MSD for an area of 12 cm x 12 cm.
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Figure 13. Contour plot of matrix BTDF measurements at 20 mm intervals at 350 nm for AOI = 0 for a scattering angle = 15deg for
the 30 cm square, 10 mm thick natural fused silica MSD for an area of 12 cm x 12 cm.
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Figure 14. Contour plot of matrix ( BSDF + BTD)F measurements at 20 mm intervals at 350 nm for AOI = 0 for a scattering angle =
15deg for the 30 cm square, 10 mm thick natural fused silica MSD for an area of 12 cm x 12 cm.

5. SENSITIVITY OF SYNTHETIC FUSED SILICA MSDS TO SOME OF THE EFFECTS OF A
SPACE ENVIRONMENT

The transmittance sensitivity of synthetic fused silica MSDs to some of the effects of a space environment are given in
Table 1. It became clear from earlier measurements of the effects of Co® gamma rays that natural fused silica impurities



were producing a significant absorption by color centers in the ultraviolet. Gamma ray absorption effects on irradiated
and heat-treated natural quartz effects are discussed in the paper by Nunes and Lameiras, 2005°. Consequently the
initial efforts were concentrated on measuring the sensitivity to space environment effects given in Table 1. Neal Nickles
of Ball Aerospace was instrumental in subjecting samples of synthetic MSDs gamma ray and proton irradiation (private
communication). The equivalent sun hour (ESH) irradiation exposure and measurements were carried out at NASA
GSFC using a Xenon arc solar simulator under non vacuum conditions with an air mass 0 (AMO) filter. Subsequently
measurements were made with a hydrogen Lyman alpha source in the vacuum ultraviolet at the NASA GSFC in order to
simulate the effects of solar radiation solar radiation environment in the vacuum ultraviolet.

During the course of measurements of the effects of UV radiation from a 1000W xenon arc operated in ambient it was
observed that the transmittance increased slightly in the short wavelength region without a significant increase in
reflectance in in both the natural and synthetic samples. The dimensions of the samples are 24 x 24 x 2.0 mm for the
natural MSD and 24 x 27 x 2.0 mm for the synthetic MSD. These are the samples which were irradiated with VUV
radiation from a deuterium lamp down to 115 nm and which overlap the wavelength region of the ambient xenon arc. A
possible explanation for the increase in transmittance could be the cleaning of carbon contamination of surfaces of
constituents trapped in the voids in the MSDs by ozone generated by UV radiation. This cleaning process is described
by Hansen et al., 1993'°. This process was used successfully to clean a hydrocarbon contaminated flight diffuser on the
Ozone Mapping and Profiling Suite (OMPS) instrument.

Table 1 Gamma ray, proton, and UV irradiation effects

Yy - rays protons solar sim.
Dose 200 Mev 60 ESH 60 ESH
A (nm krads Natural Synthetic
30 50 500 | 1500 30
A (%)
250 -2.3 -3.8 -6 -8 -1
300 -2 28 | 44 | -6.2 0
350 -1 -14 | -1.6 | 2.1 0
400 -0.6 -0.6 | -0.7 -1 0 0.5 0.1
500 -0.4 -04 | -0.7 | -1.1 0 0.5 0.1
600 -0.6 -0.5 | -0.8 | -1.9 0 0.5 0.1
700 -0.2 -02 | -04 | -15 0 0.7 0.3
800 0 0 0 0 0 1 0.6

6. IRRADIATION UNDER VACUUM WITH A DEUTERIUM LAMP From 115 NM AND
LONGWARD

The simulation of solar irradiation in the VUV was performed by irradiating the 2.0 mm thick natural and
synthetic forms of the MSDs with radiation from a McPherson Model 632 vacuum ultraviolet deuterium light
source equipped with a magnesium fluoride window. The individual samples were irradiated for 30 hours
under ultra high vacuum conditions. The wavelength region of the most intense radiation is from 115 nm to
165 nm. Preliminary calculations indicate the total irradiation of each MSD corresponded to about 7
equivalent Sun hours (ESH) which is considerably less than the hours from the xenon arc solar simulator in
ambient non vacuum conditions given in Table 1.

The diffuse transmittance and reflectance measurements of the synthetic and natural MSDs prior to being
subjected to VUV radiation by a deuterium lamp under vacuum conditions are given in Figure 15. It is
important to note that no correction has been applied for the effect of light exiting the sphere, reflecting off
the back surface of the sample, and re-entering the sphere. Consequently the sum of reflectance plus
transmittance is greater than 100 %. The ratios of diffuse reflectance after to before VUV irradiation for the
natural and synthetic MSDs are given in Figure 16, and the corresponding ratios for diffuse transmittance are



given in Figure 17. Displaying ratios of measurements after to before is a means of avoiding discontinuities
in the measurements which are associated with detector changes. These ratios continue to approximately
equal one from 1000 nm to 2500 nm. Significant differences are confined to the short wavelength region
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Figure 15. Diffuse reflectance and transmittance measurements of the 2.0 mm thick samples which were
irradiated by the xenon arc solar simulator prior to the VUV irradiation with the deuterium lamp for 30 hours.
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Figure 16. Changes in the diffuse reflectance following the VUV irradiation of the natural and synthetic
MSDs with the deuterium lamp for 30 hours.

Measurements of the effects of VUV and UV radiation from a deuterium source (115 nm to 180 nm) and a
solar UV simulator using a 4 kW filtered xenon arc source (200nm to 400 nm) on Spectralon™ have been



reported by Chommeloux et al., 1998'" for the Medium Resolution Imaging Spectrometer (MERIS) on
ENVISAT-1. These authors found that the contribution of VUV radiation to the optical degradation of
Spectralon™ to be negligible relative to that from the UV radiation. We found that the VUV radiation
damage to MSDs, both natural and synthetic, to be more damaging than UV radiation on the basis of ESH of
exposure.

Effect of 30 hours of VUV Irradiation
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7. SUMMARY AND CONCLUSIONS

Lambertian scattering characteristics in reflectance and transmittance strongly suggest that that the synthetic and natural
forms of fused silica MSDs can be used as a spectral albedo radiometric calibration standard over most of the solar
reflective wavelength region from 250 nm to 3500 nm. In order to achieve this goal it will be necessary to produce a Mie
scattering diffuser from an infrasil form of synthetic fused silica with an extremely low OH concentration. The puck used
in the measurements which are described in this paper had an OH concentration of 250 ppm, whereas an OH
concentration of ~ 1.0 — 5 ppm would be highly desirable. It is suggested that the spectral albedo calibration of the MSD
be determined with the NIST Spectral Irradiance and Radiance Responsivity Calibrations using Uniform Sources
(SIRCUS) Facility and the Spectral Tri-function Automated Reference Reflectometer (STARR II). Eearly measurements
of the optical scattering characteristics of MSDs indicate that they are viable candidates for use in the spectral albedo
calibration of space instruments both in the laboratory prior to flight and in space.

There is another potential use of MSDs which are radiometrically stable and insensitive to contamination, and that is to
use them as a spectral albedo standard for the inter calibration of space instruments which are designed to operate in the
solar reflective wavelength region. MSDs are true volume diffusers which can be engineered to operate as reflective or
transmissive diffusers with highly Lambertian scattering characteristics which can be used to eliminate the so called fine
structure or spectral feature effects which result from speckle/coherence phenomena produced by surface diffusers when
used with today’s high spatial and spectral resolution space instruments.
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