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PREFACE

The calibration and related measurement services of the National Bureau
of Standards are intended to assist the makers and users of precision
measuring instruments in achieving the highest possible levels of
accuracy, quality, and productivity. NBS offers over 300 different
calibration, special test, and measurement assurance services. These
services allow customers to directly link their measurement systems to
measurement systems and standards maintained by NBS. These services
are offered to the public and private organizations alike. They are
described in NBS Special Publication (SP) 250, NBS Calibration Services.
Users Guide.

The Users Guide is being supplemented by a number of special
publications (designated as the "SP 250 Series") that provide a
detailed description of the important features of specific NBS
calibration services. These documents provide a description of the:
(1) specifications for the service; (2) design philosophy and theory;
(3) NBS measurement system; (4) NBS operational procedures; (5)
assessment of measurement uncertainty including random and systematic
errors and an error budget; and (6) internal quality control procedures
used by NBS. These documents will present more detail than can be
given in an NBS calibration report, or than is generally allowed in
articles in scientific journals. In the past NBS has published such
information in a variety of ways. This series will help make this type
of information more readily available to the user.

This document (SP 250-1), NBS Measurement Services: Spectral Radiance
Calibrations, by J. H. Walker, R. D. Saunders, and A. T. Hattenburg, is
the first to be published in this new series of special publications.
It covers the calibration of the spectral radiance of tungsten ribbon
filament lamps over the wavelength range of 225 to 2400 nm (see test
numbers 39010C-39030C in the SP 250 Users Guide). Inquiries concerning
the technical content of this document or the specifications for these
services should be directed to the author or one of the technical
contacts cited in SP 250.

The Center for Radiation Research (CRR) is in the process of publishing
21 documents in this SP 250 series, covering all of the calibration
services offered by CRR. A complete listing of these documents can be
found inside the back cover.

NBS would welcome suggestions on how publications such as these might
be made more useful. Suggestions are also welcome concerning the need
for new calibration services, special tests, and measurement assurance
programs.

George A. Uriano Chris E. Kuyatt
Director Director
Measurement Services Center for Radiation Research
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ABSTRACT: This report describes the measurement methods and
instrumentation wused in the realization and transfer of the NBS scale of
spectral radiance. The application of the basic measurement equation to
both blackbody and tungsten strip lamp sources is discussed. The
polarizance, spectral responsivity function, 1linearity of response and
"size-of-source effect" of the spectroradiometer are described. The
analysis of sources of error and estimates of uncertainty are presented.
The assigned uncertainties in spectral radiance range from about 1.75% at
225 nm to 0.25% at 2400 nm.

KEY WORDS: calibrations; blackbody; response linearity; slit-scattering

function; spectral radiance; standards.
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INTRODUCTION

Spectral radiance, denoted LAJ is defined as the radiant flux at a given
point, direction, and wavelength per unit of projected area,. solid angle,

and wavelength interval. Mathematically,

L, = d3q/(dA-cosa-dw-d,\) (1)
where‘¢ is the radiant flux, A is the surface area at that point, # is the
angle between the normal to the surface and the direction of propagation, w
is the solid angle about the direction subtended at A, and A 1is the
wavelength. Spectral radiance is the basic quantity for specifying the
distribution of radiant flux relative to position, direction, and
wavelength, and all other classical radiometric quantities may be derived
from it. The National Bureau of Standards (NBS) issues lamp standards of
spectral radiance calibrated at 34 wavelengths over the spectral range 225
to 2400 nm. These lamp standards are designated in NBS Special Publication
250 as items 39010c, 39020c, and 39030c (former designations 7.5b, 7.5c¢ and
7.5d respectively).

The NBS scale of spectral radiance is based upon the radiant flux emit-
ted by a blackbody of known temperature. In 1960, Stair [1] developed tung-
sten strip lamp standards of spectral radiance in the 250 to 2600 nm spec-
tral range by comparison to blackbody sources, whose temperature was
measured with visual opticél pyrometexrs. Estimated accuracies ranged from
8% at 250 nm to 3% at 2600 nm. In 1965, Kostkowski [2] developed more
accurate lamp standards in the 210 to 850 nm range, using a spgctroradio-
meter which doubled as a photoelectric pyrometer. The pyrometer was
calibrated in accordance with the definition of the International Practical
Temperature Scale [3]. A wvariable temperature blackbody, operable at
temperatures up to about 2700 K, was used as the comparison source, and all
radiometric matches were made between sources of nearly equal spectral
radiance (null measurement). The present NBS spectral radiance scale
derives [rom these procedures and instrumentation, but has undergone many
refinements: determination of the spectroradiometer responsé linearity

allows accurate comparison of unequal sources, the temperature of the



variable temperature blackbody is determined by nearly direct comparison to
the gold point blackbody, the wavelength range has been extended to 2400
nm, accuracy estimates have been more rigorously evaluated, and the
instrument has been incorporated into an automated calibration facility,
utilizing a computer for operational control, data acquisition, and data
reduction. This report is a detailed description of the present scale

realization and its associated uncertainties.

SCALE DERIVATION AND TRANSFER: A GENERAI, DESCRIPTION

Planck’s law defines the spectral radiance LA of an isothermal cavity,

or blackbody, as

£
[}

\ ¢y ﬂ-n2-A5-{[exp(c2 /n-x-T)] -1} (W/cm3-sr) (2)

where c, = 3.7418-107 "2 (W-cn’) and c, = 1.4388 (em'K) are the first and
second radiation constants, n is the refractive index of air, X (em) is the
wavelength in air and T is the thermodynamic temperature (K). For a
blackbody at the temperature of equilibrium between melting and freezing
gold (gold point), the temperature is defined as 1337.58 K on the
International Practical Temperature - Scale (the besL estimate of the
thermodynamic temperature) [3]. In principle, such a blackbody establishes
a spectral radiance scale, but the energy is too weak at wavelengths below
about 500 mnanometers for practical use. Measurement of the ratio of
spectral radiance of the gold point blackbody to that of another blackbody
at known wavelength determines the temperature of the second blackbody, and
therefore its spectral radiance at any wavelength. These values can be
transferred to other sources by direct comparison at selected wavelengths,

thereby establishing a practical scale of spectral radiance.
The ratio of spectral radiance of two sources is deduced from the

corresponding ratio of signals from a lincar spcctroradiometer sct at a

selected wavelength. For each source, the resulting signal is [4]

S = IAA IA IwR(AO,A)~LA-cosﬂ-dw-dA-dA (3)



where R(AO,A) is the spectral responsivity function of the
spectroradiometer and depends on the instrument wavelength setting Ao and
on the wavelength A of the measured radiation, LA is the spectral radiance
of the source, cosf-dw is an element of projected solid angle, and dA is an
element of source target area. In general, both R(AO,A) and LA vary with o,
A, X, and state of polarization. Each element of flux is weighted by the
corresponding value of the responsivity. Thus the indicated spectral

radiance 1is an instrument-weighted avecrage which may vary from instrument

to instrument, and R(AO,A) must be determined over the spectral range of

the spectroradiometer.

When the sources being compared are both blackbodies, the spectral
radiance is unpolarized and is uniform over w and A. Thus the responsivity

weighting over these parameters is the same for both sources, so that

S = J.M L [fAfw R(AO,A)-cos9~dw-dA] . d) )

and the ratio of signals is given by

S2/51 = _[AARa(’\O”‘)'Lz,A'dA/J.AARa(’\O”\)'Ll,,\'d" )

where Ra(AO,A) is the responsivity averaged over w and A (the bracketed
integral in Eqn. 4). When source 1 is the gold point blackbody, Ll,A is
given by eqn 2; and the value of the integral in the denominator is
determined. By estimating a temperature for the second blackbody, and
inserting the corresponding expression for L2,A from eqn. 2 in the
integral in the numerator, the temperature which satisfies eqn. 5 can be

found by iteration.

I1f the sources being compared are not both blackbodies, the spectral



radiance variations over w and A generally will not be weighted equally by
the instrument ;espohsivity, and the variation of spectral radiance over
wavelength for a non-blackbody source will not be a known function. The
errors due to the variations over w and A ma& ve minimized by making w and
A small, and treating Lx as a weighted average (LA)av. over these
parameters. If the two sources are operated so that their relative spectral

distributions are identical over the instrument bandpass, i.e. so that

Ty NVav., = KDy | (6

and Ly Vav. = Kp°D, @

where Dx is the relative spectral distribution and is the same for each

source, then [4]

89— Kylpy ROGADy A Ky (LZ,A)av. (8)

S Kl-fAA R(X;,2) D, -dx K, (Ll’A)

av,

and the ratio of weighted-average spectral radiances is equal to the signal

ratio. Any polarization of the non-blackbody source requires a correction

to the observed signal.

These procedures are used in the realization and transfer of the NBS
scale of spectral radiance. Calibration of lamp standards at wavelengths as
low as 225 nm requires a blackbody temperature of about 2600 K, nearly
twice the temperature of the gold point blackbody. The resultant spectral
distribution mismatch occurring in the comparison of the two blackbodies
requires an accurate determination of the spectral responsivity function
that is wused in eqn. 5. The transfer of spectral radiance from the
blackbody to another source, wusing Eqn. 8, requires small values of w and
A, selection of a source with minimal variation in these parameters and
minimal polarization, and close matching of the relative spectral
distributions of the two sources. The transfers at the shortest wavelengths
also require a low value for the long-wavelength wing of the spectral
responsivity function to avoid large spectral scattering contributions from

. . . 4 .
the visible region, where the source spectral radiances are about 10 times



greater than in the short wavelength region. Both comparisons require a
high degree of response linearity in the spectroradiometer for the valid

determination of those signal ratios which depart significantly from unity.

MEASUREMENT _ APPARATUS

A block diagram of the measurement apparatus is shown in figure 1. The

principal components of the system are:
1. Gold Point Blackbody
2, Variable Temperature Blackbody
3. Lamp sources
a. Vacuum Lamps
b. Gas-filled Lamps
4. Spectroradiometer
a. Fore-optics
b. Monochromator

c. Detectors

5. Control and data acquisition system

1. Gold Point Blackbody.

The gold point blackbody was developed for the purpose of realizing
the International Practical Temperature Scale above the gold point at NBS,
and its construction and characterization have been detailed in reports of
this work [5]. The estimated emissivity is 0.99999. The duration of a melt
or freeze plateau is approximately 5 minutes, and the time delay between

these observation periods is about 5 minutes.

2. Variable Temperature Blackbody

A schematic cross-section of the variable-temperature blackbody is

shown in figure 2. The blackbody cavity is located in the central portion
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of a high density graphite tube, which is resistively heated in an 6 argon
atmosphere. Electric current is supplied to the graphite tube through
water-cooled electrical connections at each end. The tube is surrounded by
a double-walled graphite radiation shield, with carbon black fill between
the walls. This assembly is surrounded by a water-cooled metal housing,
with an observation port which can be sealed during evacuation of the
atmosphere within the housing prior to flushing with argon. A window is
provided at the top of the housing for visual pyrometer observation of the
temperatures along the tube interior. A second window at the rear of the
housing allows radiation from the rear wall of the graphite tube to fall on
a silicon photodiode, whose signal provides automatic control of the
saturable-reactor power supply for the tube. A germanium photodiode, whose
regponse extends further into the infrared region, replaces the silicon
cell for operation at low temperatures. The blackbody mounting provides
adjustment in two angular and three translational degrees of freedom,
allowing for precise positioning and radiometric scanning over the target

area and the beam solid angle.

The graphite tube is about 200 mm long, with an inner diameter of abouc
11 mm. Tﬁe outer surface is tapered to improve temperature uniformity along
its length. The wall is about 4 mm thick at mid-length. A 2 mm diameter
hole in the wall at this point allows for observation of the emitted flux.
The tube is partitioned into small cylindrical sections by a series of thin
graphite disks separated by thin graphite cylinders located at intervals
along the bore. Holes in the graphite disks permit measurement of the
temperatures in the middle and upper sections with a visual pyrometer. The
holes vary in diameter from 6 mm for the uppermost disk to 0.75 mm for the
disk below the central section. The central cylindrical section, which
provides the observed flux, is 9 mm high and has a 10 mm diameter. The wall
is threaded to reduce the partial reflectivity. Figure 3 shows a cross-

sectional view of the central section.

The blackbody emissivity has been assessed by measurements of its
solid angle subtended by the cavity opening, partial reflectivity of the
graphite material [6], temperature gradients, and absorption by gases [2].

The solid angle subtended at the rear wall of the cavity by the inner edge
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of the observation hole is about 0.03 sr. The measured partial reflectivity
of the graphite is 0.02 sr-l. The measured temperature gradient over the
length of the viewing cavity is less than 1 K. Experimental investigations
of possible absorption of radiation by gases has disclosed only weak
absorption lines at 589 and 589.6 nm (Na) and at 766.5 nm (K). The
resulting estimate of emissivity is 0.999.

3. Lamp Sources.

Tungsten-strip filament lamps are used both in the realization of the
spectral radiance scale and as secondary standards for scale dissemination.
Each filament has a small notch in one edge, about midway along its length,
to aid in determination of the filament portion to be calibrated (target
area). A small mark is placed on the rear of the lamp envelope to permit
reproducible angular positioning. The lamps are rigidly fastened in source
mounts which allow tramslation along, and rotation about, three mutually
perpendicular axes. These motions are required for precise alignment and
for radiometric scans in translation and rotation. The lamps are operated
at constant current, provided by stabilized (0.005% regulation) DC power
supplies. Manganin shunts (0.01 or 0.001 ohms) and a 5-1/2 digit voltmeter
provide the current measurement. Lamps are allowed to stabilize at the set

current for about 1 to 1-1/2 hours before measurements are begun.

a. Vacuum Lamps. Vacuum tungsten-strip lamps of two types are used in
the scale realization to facilitate the temperature measurement of the
blackbody. A Quinn-Lee lamp [7,8] is operated at a single current to
produce a spectral radiance equal to that of the gold-point blackbody at
654.6 nm. A commercial vacuum lamp with plane windows [8] is operated at a
single current to produce a spectral radiance of about eight times that of
the gold-point blackbody at 654.6 nm (about 1530 K radiance temperature).
Both lamps are stable to better than 0.02% over two hundred hours when

operated under these single-level conditions.

b. Gas-Filled Lamps. Gas-filled tungsten-strip lamps are calibrated
as secondary standards for dissemination of the spectral radiance scale.
The lamps have a quartz window to transmit near-ultraviolet radiation. They
are operated at a single current, chosen to produce a radiance temperature

of about 2470 K at 654.6 nm. Prior to calibration, lamps are annealed at a
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radiance temperature of 2620 K (at 655 mm) for 2 to 3 hours. Each lamp is
examined for the variations in spectral radiance with time, with position
within the central area, and with angle of emission. The amount and
orientation of polarization are also determined. Lamps selected for
calibration display a degree of polarization of 0.005 or less and a drift
rate of less than 0.04% per hour at 654.6 nm. The drift rate is measured at
two wavelengths over a 20-hour period by comparison with a stable vacuum
lamp, and included in the calibration report. Typical values in percent
change per hour are 0.025 * 0.004. Appendix A shows a typical calibration
rcport and accompanying descriptive material which provide a table of LA
values versus wavelength, and variations in spectral radiance with

position, angle, polarization, time, and lamp current.

4, Spectroradiometer

a. Fore-optics. Sources are imaged with unit magnification at the
entrance slit of the monochromator by the two front-surface aluminized
mirrors shown in figure 1. The mirror surfaces are stripped and recoated at
intervals to reduce signal loss due to oxidation. The plane mirror directs
the beam to the spherical mirror (radius of curvature 1220 mm) along a line
about 1.5 degrees from the spherical mirror axis. The spherical mirror
focuses the beam onto a mirror-surfaced mask, placed immediately in front
of the entrance slit. The mask is engraved with horizontal and vertical
scales with 0.1 mm divisions, and is viewed at high magnification by either
a telescope or a video camera to allow for precise positioning of the
spurces. The mask determines the height of the system field stop (source

target area). The entrance slit determines the width. The stop dimensions
‘are 0.8 mm high by 0.6 mm wide for the scale realization and transfer. The

system aperture stop is located within the monochromator.

b. Monochromator. A prism-grating double monochromator is employed to

minimize spectral scattering and avoid multiple orders. The wavelengthr
range is 200 to 2600 nm. The dispersion varies with wavelength from about 1
to 4 nm/mm. The entrance aperture (solid angle) is rectangular in shape,
with a vertical angle of 0.125 radians and a horizontal angle of 0.0625
radians. The wavelength setting is calibrated against spectral line

standards (Hg’ thorium, neon, helium) and is repeatable to within 0.05 nm.
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The entrance, intermediate, and exit slits are adjustable from 0.01 to 3.0
mm as a unit, resulting in a nearly triangular-shaped spectral responsivity

function.

c. Detectors. Two interchangeable detectors are used to cover the wave-
length range of the spectroradiometer. For the 200 to 850 nm range, an end-
on 1ll-stage photomultiplier with quartz window and S-20 spectral response
is placed behind the exit slit. The detector is cooled to 258 K with a
thermoelectric cooler. The anode current is amplified and converted to a O-
10 volt signal by a programmable amplifier. The current is normally
restricted to a maximum of 500 nanoamperes, by selection of detector
applied voltage, to ensure linearity of response. A lead sulfide detector,
cooled to 240 K by a thermoelectric cooler, is used for the 800 to 2600 nm
range. The detector and the exit slit are placed at the foci of an
ellipsoidal mirror, which images the slit upon the detector with a
demagnification of 7. The detector output is amplified and converted to a
. 0-1 volt signal by a phase-sensitive lock-in voltmeter, which is keyed to a
78 hertz sector disk placed just before the plane mirror. The signal
from either detector-amplifier combination is fed to a 5 1/2 digit
voltmeter, capable of integration times ranging from one second to several
minutes., To facilitate alignment of optics or sources, a He-Ne laser is
placed at the detector position, so that its beam passes through the

monochromator and fore-optics in the reverse direction.

5. Control and Data Acquisition System.

The spectral radiance calibrations are carried out on the NBS
Facility for Automated Spectroradiometric Calibrations (FASCAL). After
initial alignment, the FASCAL system permits control of the entire meas-
urement process from a remote operator console. Component positions,
instrument settings, sequence of operations, and data collection are
effected by either stored computer programs, operator commands, or a combi-

nation of the two.

The system is directed by a microcomputer equipped with a CRT terminal
~ and keyboard, and a high-speed disk system for program and data storage. A

modular interface controller [9] provides the link between instruments and

12



computer. All measurement signals are multiplexed into the digital
voltmeter through the interface scanner, and the instruments are remotely
programmed and controlled through interface modules. All instrument
settings and signal outputs are printed and stored on disk for later

analysis. Additional details on the FASCAL system are given in Appendix B.

The spectroradiometer (fore-optics,' monochromator, and detectors), a
closed-circuit TV camera, and a photoelectric pyrometer are mounted on a
carriage. The carriage can be positioned by remote command along a linear
track, to align the spectroradiometer with one of the sources mounted at
fixed stations along the track. The average move time between stations is a
few seconds, and positions are repeatable to about 0.1 mm. The TV camera
presents a highly magnified image of the monochromator entrance slit mask
to dieplays at the spectroradiometer and at the operator console, for
initial source alignment and subsequent monitoring. The pyrometer is used
for the initial setting of the variable temperature blackbody to its

approximate temperature.

MEASUREMENT OF INSTRUMENT AND SOURCE PARAMETERS

Spectral Responsivity Function

The relative spectral responsivity function of the spectroradiometer is
determined by the indirect method [10]. In this method, the relative
responsivity function is treated as the product of two terms, the respons-
ivity factor and the slit-scattering function, where the responsivity fac-
tor depends only upon the wavelength of the observed flux and the slit-
scéttering function depends only upon the difference between the wavelength
setting of the monochromator and the wavelength of the flux. This
factorization of the spectral responsivity function 1is wvalid if the
instrument dispersion, aberrations, scattering, and diffraction are
constant over the wavelengih region of interest. This assumption is wvalid
in the central portion of the relative responsivity function, but values
for the distant wings are subject to error due primarily to changes in

scattering and dispersion.
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The responsivity factor is obtained by spectrally scanning a continuous
source standard of spectral radiance with mnarrow (0.1 mm) slits. To
determine the slit-scattering function, an integrating sphere irradiated by
a high-powered laser is spectrally scanned by the spectroradiometer, with
the slit widths set at the 0.6 mm width used in the scale realization and
transfer. The plot of the output signal versus wavelength is the mirror
image of the plot of the slit-scattering function versus wavelength. For a
647 nm krypton laser, the function is nearly triangular in shape with a
width at half-height of 2.5 nm. Relative to the peak value, the measured
values decrease to about 1073 at 3 nm, 107% at 15 nm, and 1077 at 70
from the central wavelength. At 150 nm from the central wavelength, the

8 in the short-wavelength wing and to 10'9 in the

value decreases to 10~
long-wavelength wing. Scans with 488 nm, 514 nm (argon), and 676 nm
(krypton) yield similar results. These values were confirmed over the
central and near wings portion of the function by measurements with the
direct method, using a dye laser tuned through a series of wavelengths with

the spectroradiometer set at a fixed wavelength [11]. .

The measurement at 647 nm yields the slit-scattering function at 654.6
nm, where the spectral distribution mismatch of the two blackbodies
requires an accurate determination of the relative responsivity function.
However, the measurements in the visible cannot be applied with confidence
to the short-wavelength region,” since the dispersion varies hy about a
factor of 2. For this region, the central portion and near wings of the
slit-scattering function are determined by scans of a spectral 1line
discharge source, and values in the distant long-wavelength wing are
deduced from a measurement of the integrated spectrally-scattered
radiation. With the wavelength set at a selected value in the 200 to 250 nm
region, the signal from a calibrated lamp (radiance temperature 2475 K at
654.6 nm) 1s recorded. A glass filter which blocks all radiation in the
vicinity of the wavelength setting and passes about 90% of the radiation at
longer wavelengths is inserted into the beam. The ratio of signals with and
without filter is taken as the fractional contribution of spectrally
scattered radiation to the signal. A second (identical) filter is added to
insure that only scattered light is being observed in the filtered beam.

Results with filters of different cut-off wavelengths (Corning filters CS

14



0-56 and CS 0-52) both indicate an integrated scattered light contribution
of 1less than 0.2% at 225 nm. The slit scattering function calculated from
this result and the known source distributions and responsivity factor is
less than 10-9 at wavelengths greater than 200 nm from the central

wavelength, in good agreement with the values measured in the visible.

Linearity of Response

The degree of linearity of the spectroradiometer response is determined
with an automated beam conjoiner [12]. A beam from a constant source is
split into two branches, whose fluxes are independently attenuated or
blocked before recombination and further attenuation. The  flux
contributions from both branches is equal to the sum of the fluxes from
each branch when measured separately (additivity). The device provides
ninety-six levels of flux ranging over a factor of about five hundred. The
levels are presented in random order to avoid systematic errors, and are
interspersed with twenty-nine zero flux levels. A micro-computer controls
the attenuating filters and records the filter positions and radiometer
signals. The data is least-squares fitted to a polynomial response
function, to determine a correction factor by which the radiomecter output
signal must be multiplied to obtain a quantity proportional to radiant

flux.

The response function of the spectroradiometer is dependent upon the
detector-amplifier employed. With the photomultiplier tube in place
(spectral range 200 to 850 nm), the instrument response at all wavelengths
is 1linear to within 0.2% for a range of anode currents from 1 to 500
nanoamperes. For currents much 1less than 1 nanoampere, the signal is
limited by noise. For currents greater than one microampere, the correction
increases rapidly, rising to 3% at 7 microamperes. The anode current is
rectricted to lecg than 0 wperee during meas-remerts by celection of
appropiate tube voltage. Correction factors for the amplifier ranges are
determined from measurement of a known electrical current and combined with
the .linearity correction factor. Linearity tests of two PbS detectors
resulted in a correction factor which is a linear function of the signal

over the range 1 to 280 millivolts. The correction varies from 0.1% at 3 mv

to about 9% at 300 mv. To avoid reliance on large corrections, the sources
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are typically operated at near equality in the PbS spectral region.

Polarization

The polarization properties of the spectroradiometer and the gas-
filled lamps are measured with the aid of sheet (linear) polarizers
positioned in motorized rotating mounts. The sheet polarizer properties and
those of the spectroradiometer are determined in an initial set of
experiments, using an illuminated integrating sphere as a source of
unpolarized radiation. The characterized polarizer and spectroradiometer

are then used to measure the polarization properties of the lamp sources.

The determination of spectroradiometer and sheet polarizer properties
consists of spectral radiance measurements of the sphere source alone, with
a pair of similar polarizers interposed in the beam and set at a number of
angular positions (rotations about the optic axis), and with each polarizer
separately in the beam at the same angular positions. A Mueller
transmittance matrix [13] containing six parameters is assumed for the
sheet polarizers, to account for departure from ideal behavior. Circular
polarization is assumed to be mnegligible. The spectroradiometer
polarization direction is determined in a preliminary experiment and chosen
as the polarization reference direction, leaving only the degree of
polarization to be determined for the instrument. Our measurements provide
about 200 equations involving ten unknowns, which are then obtained by a

non-linear least-squares solution.

The sphere source is replaced by the lamp source whose properties are
to be measured using a characterized sheet polarizer and spectroradiometer.
Measurements are made with the lamp alone and with the polarizer set at the
same angular positions as before, resulting in 25 equations involving the
two source unknowns, which are ohtained by a least-squares solution. The
polarization of the lamp source is specified by the direction of maximum

linear polarization v, and the degree of polarization
P= Loy - Lmin)‘/ Lpax * Lnin) [9]

min

where Lmax and Lmin are the maximum and minimum readings of a polarization-
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indifferent radiometer when an ideal linear polarizer is rotated in the
source beam. The correction factor required to reduce the signal ratio of
Eqn. 8 to a value which would be obtained with a polarization-indifferent
radiometer is

@ +spp7t

where P = prcos2y and B is the spectroradiometer polarizance (degree of
linear polarization introduced by 