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1. Background

The Remote Sensing department routinely fields a number of cameras, spectrometers, and imaging
spectrographs that operate from the optical to the longwave infrared (LWIR). The typical data prod-
uct from these instruments is provided in units of spectral radiance (e.g., W cm ~ um™ ) or irradiance
(eg, W em™ um—l sr_l). To assign these units requires that either (1) the sensor have a known cali-
bration over its dynamic and spectral ranges that converts sensor output (usually in volts) to absolute
energy units, or (2) that a source with a known absolute spectral energy content be observed contem-
poraneously with the target under nearly identical conditions. To date, the latter approach is the one
most frequently used by the Remote Sensing department. In particular, it is the only method suitable
for ground-based astronomical measurements. Since the transmission of the atmosphere is a principal
contributor to the measurement uncertainty, the calibration source, like the target, must be above the
atmosphere. (However, the absolute flux levels of stars are ultimately linked to laboratory
measurements.)

The approach discussed in this document is more concerned with non-astronomical situations. The
aim is to provide an accurate laboratory calibration of both the sensor and the luminous sources that
might be used as calibration standards in the field. The ideal source to base this calibration upon is a
blackbody. For a true blackbody, knowledge of a single parameter, the temperature, describes the
energy output (via the Planck equation) at all wavelengths. In the following section, a calibration
approach is discussed that utilizes a freeze-point blackbody, a source that very closely matches an
ideal blackbody and whose temperature is precisely known.




2. The Freeze-Point Blackbody

Most laboratory radiation sources do not emit a Planckian spectrum. Tungsten lamps, filament heat-
ers, glow bars, etc. have effective emissivities less than unity and which are at least slightly dependent
on wavelength. As such they must be calibrated over all wavelengths and all spectral resolutions at
which they may be used. The laboratory source that is an exception to this is the cavity blackbody,
which utilizes multiple scattering within a hot cavity to produce emissivities very close to unity. Cal-
culations for various cavity shapes and sizes are complex (Chandos and Chandos, 1974) but the
underlying principles are relatively straightforward. The radiation seen from a given surface element
of the cavity is the sum of the components that it emits and scatters/reflects. If the surface were a per-
fect radiator the emitted component would equal the desired output, and the scattered component
would be zero (since a perfect emitter is also a perfect absorber). In practice, the cavities of commer-
cial blackbodies are generally ceramic or graphite and have surface emissivities in the 0.7-0.9 range.
Since, for these materials, the sum of the scattering and emission equals unity (the transparency is
zero), it is only necessary for the scattered radiation field to be Planckian for the output to be the true
blackbody emission desired. For a completely closed cavity, the radiation would be Planckian at the
temperature of the cavity walls regardless of the emissivity of those walls. The necessity for an
opening (for viewing) causes a departure in the radiation field from its ideal value. The departure
scales approximately as the ratio of the area of the opening to the area of the cavity walls. A theoreti-
cal treatment of spherical cavities with circular apertures was published by Gouffe (1945). It yields
fairly accurate results (as determined by comparison with detailed numerical treatments) and dem-
onstrates that emissivities >0.999 can readily be obtained for sufficiently large cavities with small
openings. While spherical cavities with large diameters and small ports are available, to keep designs
compact and minimize the size of the heating elements, cylindrical and conical cavities are more fre-
quently used. These have less favorable area ratios and employ additional means to keep the emis-
sivities high, such as restricting the observer’s view of the cavity to the deepest recesses where the
radiation density is greater. Although cavity walls are typically roughened, and thus diffuse at optical
wavelengths, cylindrical and spherical cavities must take care to ensure that the surface element that
is viewed directly does not become reflective at the longer wavelengths since this will reduce the
emissivity regardless of the value of the radiation field. Conical cavities do not suffer this problem
since they would reflect a view of cavity walls rather than of the outside. With this caveat in mind, it
is possible to state that high-emissivity cavities have been produced with values sufficient (>0.9994)
that the resulting departures of the radiation field from Planckian are negligible for our purposes.

Of greater concern than the emissivity is knowledge of the actual temperature of the cavity. Readouts
can typically be calibrated to +4°C at T > 1000°C. This alone can result in uncertainties in the flux
level at 1 um of >3%. Thermal probes that can be inserted into the cavities can improve this some-
what, but the readings can be dependent on the position within the cavity. Additional inaccuracies
can arise if the cavity heating is not uniform, and, of course, the probes must have their own
calibration.




A general remedy for most of these difficulties is found in the freeze-point blackbody. This instru-
ment combines the high-emissivity cavity with the precise temperature defined by the freezing point
of a very pure metal. Implementations are commercially available in metals from gallium (freeze
point ~30K) to copper (1084K) (Ghaemi, 1996). Table 1 lists the metals for which freeze-point
blackbodies are available together with their ITS90 (International Temperature Standards from
1990—see Preston-Thomas, 1990) temperatures. The blackbody cavity is actually surrounded by an
envelope of the molten metal (except for the cavity opening) that ensures a very uniform cavity tem-
perature. Freeze-point blackbodies typically come with a controller that takes the cavity up to and
through the melting point, holds the temperature above the melting point long enough that all of the
metal liquefies, and then slowly reduces the temperature. The melt will then supercool below the
melting point and then begin to solidify. When this happens the metal temperature rises and then sta-
bilizes at the freeze point. For a period of 5-20 min, the temperature remains constant within ~0.02K,
providing a stable and precisely known radiometric signal. This is the method for radiometric cali-
bration adopted by NIST. The primary radiometric standard for the United States is a freeze-point
blackbody utilizing gold (Mielenz et al., 1990a,b).

For our calibration purposes, we have decided to follow the lead of NIST, but have opted to use cop-
per rather than gold. This decision was made strictly on the basis of cost—a fairly large amount of
the melt material is required, and the added expense of the gold is ~$16,000. (The radiometric stan-
dard of Japan, maintained at the National Research Laboratory of Metrology (NRLM), is also cop-
per). Silver or aluminum were also considered, but because of plans in the near future to extend the
calibration effort into the optical, it was desirable to have as high a temperature as possible. For the
vendor, EOI (Electro-Optical Industries) of Santa Barbara was selected. This decision was made for
two reasons: the shape of the blackbody cavity and the possibility of using additional crucibles. EOI
uses a special “reverse conical” cavity that is a superior design to a single cone or cylinder (Chandos
and Chandos, 1974). This couples a partial cone to the front (i.., open) end of a traditional conical
cavity. Thus, the diameter of the cavity actually widens for a distance behind the entrance. This pre-
vents any direct view of the slightly cooler portion of the walls near the mouth of the cavity, and
increases the ratio of the wall area to that of the opening. An effective, on-axis emissivity of >0.9994
is claimed by EOL. The second feature, the interchangeability of crucibles, allows us to use the same
controller and furnace with crucibles containing different metals. This makes it possible to swap out
copper for other, lower temperature materials.

Table 1. Freeze-point Blackbody Materials & Their Freezing Temperatures

Material Freeze Temperature (°C)

Gallium 29.7646

Indium 156.5985

Tin 231.928

Zinc 419.527
Aluminum 660.323

Silver 961.78

Gold 1064.18

Copper 1084.62
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At the time of this writing, the copper freeze point from EOI has been ordered. It will arrive with the
expectation of providing a temperature within +0.5K of the ITS value of 1084.62°C. Table 2 gives
the concomitant uncertainty in the flux level for a selection of wavelengths. While this level is suffi-
cient for most of our purposes, the unit will be taken to NIST for a direct calibration versus their gold
standard (see below).

Table 2. Flux Uncertainties Corresponding to a 0.5°C Tem-
perature Uncertainty at the Freezing Point of Copper

(1084.62°C)
Wavelength (pm) Flux Uncertainty (%)
0.4 0.98
0.7 0.56
1.0 0.39
2.0 0.20
4.0 0.11
7.0 0.07
10 0.06
14 0.05




3. NIST Calibration and Traceability

The National Institute of Standards has the responsibility of establishing and maintaining reference
standards, and disseminating the calibrations. The latter process ensures uniformity of standards
throughout the user community and is termed “traceability.” NIST has a formal definition of “trace-
ability” that is expounded as follows: “Traceability requires the establishment of an unbroken chain
of comparisons to stated references. NIST assures the traceability of results of measurements or val-
ues of standards that NIST itself provides, either directly or through an official NIST program or col-
laboration. Other organizations are responsible for establishing the traceability of their own results or
values to those of NIST or other stated references.”

NIST disseminates the calibration for radiance temperature in a few different ways:

1. They distribute calibrated tungsten-filament lamps that have been compared against their
working standard using a transfer radiometer. (The working standard is a variable-
temperature blackbody that is calibrated against the gold freeze point.).

2. They calibrate customers’ transfer radiometers (usually pyrometers or radiation ther-
mometers) against the working standard.

3. They provide a direct calibration of the customers’ freeze point blackbodies versus the
gold primary standard. This is accomplished by a direct comparison of the two sources
with a transfer radiometer.

Our plan to establish a resident spectroradiometric standard with NIST traceability is to have our cop-
per freeze point calibrated directly against the NIST gold standard. This calibration would be virtu-
ally identical to the intercomparison of the United States radiometric standard with that of Japan
(O’Brian, Johnson, and Sakuma, 1995). This involved the side-by-side mounting of the NIST gold
freeze point and the NRLM copper freeze point on a translational stage that placed one source fol-
lowed by the other in view of a well-characterized, double-pass monochrometer that served as a cali-
brated spectroradiometer. The process yielded a radiometric temperature for the copper freeze point
within 0.12°C (2sigma) of the ITS90 value for copper. This is a service NIST provides; the estimated
cost is $5000-10,000.

Extending the calibration to additional laboratory blackbodies is the topic of the next section.




4. Transferring the Calibration

There are reasons why it might be advantageous to use a blackbody other than the freeze point for a
calibration. A temperature much different from that of copper might provide a closer match to that of
the target source, or a larger aperture might be needed. Moreover, the freeze point is a sensitive and
expensive unit, requires an argon purge, and alternates the freeze plateau (when the temperature is
well defined and stable) with periods of cooling and re-melting. For these reasons it is not well suited
to field operations where many of the calibrations are performed. Thus, it is planned to extend the
calibration to a number of existing variable-temperature blackbodies, using the freeze point, in the
laboratory, to calibrate and monitor the repeatability of the field sources. To accomplish this, we will
again adopt the method used by NIST and employ a transfer radiometer. The transfer radiometer is a
sensor with a narrow field-of-view that looks directly into a blackbody cavity. It has a known band-
pass and detector that is highly linear, or whose deviations from linearity are accurately calibrated.

At present, a number of commercially available radiation thermometers designed for this purpose are
being investigated. They are based on silicon or germanium photodiodes and provide temperature
measurement for cavities between 200 and 3000°C. Prices for these transfer radiometers are
approximately $9000.




5. Summary

A freeze-point blackbody using a melt of copper has been chosen as the primary spectroradiometric
standard for the near-infrared instrumentation of the Remote Sensing department. This blackbody is
presently under construction at EOL After receipt, it will be taken to NIST for direct calibration
against the Nation’s primary radiometric standard, a freeze-point blackbody implemented in gold.
This will provide a very precise measure of any deviations from the expected radiance at the operat-
ing temperature as well as direct traceability of the calibration to NIST. Given a half degree uncer-
tainty in the temperature (a value of a quarter to a third of this is anticipated) it will provide a spectro-
radiometric output that is know to better than 0.5% throughout the near-infrared (0.8-2.5 pm), and
will provide a 1% source to wavelengths as short as 0.4 um. Addition of a transfer radiometer in the
future will allow us to extend the calibration (and the NIST traceability) to a number of other labora-
tory blackbodies, as well as providing a means for monitoring the stability and repeatability of these
sources. If it is desirable to have a comparably accurate radiometric source at a lower temperature,
for possible work in the MWIR or LWIR, the EOI design allows for the swapping of crucibles, giving
access to metals with freeze points as low as 29°C.
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LABORATORY OPERATIONS

The Aerospace Corporation functions as an “architect-engineer” for national security programs, spe-
cializing in advanced military space systems. The Corporation’s Laboratory Operations supports the
effective and timely development and operation of national security systems through scientific research
and the application of advanced technology. Vital to the success of the Corporation is the technical
staff’s wide-ranging expertise and its ability to stay abreast of new technological developments and
program support issues associated with rapidly evolving space systems. Contributing capabilities are
provided by these individual organizations:

Electronics and Photonics Laboratory: Microelectronics, VLSI reliability, failure analy-
sis, solid-state device physics, compound semiconductors, radiation effects, infrared and
CCD detector devices, data storage and display technologies; lasers and electro-optics, solid
state laser design, micro-optics, optical communications, and fiber optic sensors; atomic
frequency standards, applied laser spectroscopy, laser chemistry, atmospheric propagation
and beam control, LIDAR/LADAR remote sensing; solar cell and array testing and evalua-
tion, battery electrochemistry, battery testing and evaluation.

Space Materials Laboratory: Evaluation and characterizations of new materials and
processing techniques: metals, alloys, ceramics, polymers, thin films, and composites;
development of advanced deposition processes; nondestructive evaluation, component fail-
ure analysis and reliability; structural mechanics, fracture mechanics, and stress corrosion;
analysis and evaluation of materials at cryogenic and elevated temperatures; launch vehicle
fluid mechanics, heat transfer and flight dynamics; aerothermodynamics; chemical and
electric propulsion; environmental chemistry; combustion processes; space environment
effects on materials, hardening and vulnerability assessment; contamination, thermal and
structural control; lubrication and surface phenomena.

Space Science Applications Laboratory: Magnetospheric, auroral and cosmic ray phys-
ics, wave-particle interactions, magnetospheric plasma waves; atmospheric and ionospheric
physics, density and composition of the upper atmosphere, remote sensing using atmos-
pheric radiation; solar physics, infrared astronomy, infrared signature analysis; infrared sur-
veillance, imaging, remote sensing, and hyperspectral imaging; effects of solar activity,
magnetic storms and nuclear explosions on the Earth's atmosphere, ionosphere and magne-
tosphere; effects of electromagnetic and particulate radiations on space systems; space
instrumentation, design fabrication and test; environmental chemistry, trace detection;
atmospheric chemical reactions, atmospheric optics, light scattering, state-specific chemical
reactions and radiative signatures of missile plumes.

Center for Microtechnology: Microelectromechanical systems (MEMS) for space
applications; assessment of microtechnology space applications; laser micromachining;
laser-surface physical and chemical interactions; micropropulsion; micro- and nanosatel-
lite mission analysis; intelligent microinstruments for monitoring space and launch sys-
tem environments.

Office of Spectral Applications: Multispectral and hyperspectral sensor development;
data analysis and algorithm development; applications of multispectral and hyperspectral
imagery to defense, civil space, commercial, and environmental missions.



