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PREFACE

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

The Users Guide is supplemented by a number of Special Publications (designated as the “SP250
Series”) that provide detailed descriptions of the important features of specific NIST calibration
services. These documents provide a description of the: (1) specifications for the services; (2)
design philosophy and theory; (3) NIST measurement system; (4) NIST operational procedures;
(5) assessment of the measurement uncertainty including random and systematic errors and an
error budget; and (6) internal quality control procedures used by NIST. These documents will
present more detail than can be given in NIST calibration reports, or than is generally allowed in
articles in scientific journals. In the past, NIST has published such information in a variety of
ways. This series will make this type of information more readily available to the user.

This document, SP250-43 (1997), NIST Measurement Services: Radiance Temperature
Calibrations, is a revision of SP250-7 (1987). It covers the calibration of radiance temperature
standards for disappearing filament optical pyrometers, ribbon filament lamps, and radiation
thermometers (test numbers 35010C-35070S in SP250, NIST Calibration Services Users Guide).
Inquiries concerning the technical content of this document or the specifications for these
services should be directed to the author or to one of the technical contacts cited in SP250.

NIST welcomes suggestions on how publications such as this might be made more useful.
Suggestions are also welcome concerning the need for new calibrations services, special tests,
and measurement assurance programs.

Stanley D. Rasberry Katharine B. Gebbie
Director Director
Measurement Services Physics Laboratory



ABSTRACT

This document describes the realization and dissemination of the International Temperature Scale
of 1990 (IT'S-90) above 700 °C at the National Institute of Standards and Technology (NIST). By
using fundamental principles of blackbody physics, the ITS-90 scale is first fixed at the freezing
point of gold (Ty = 1064.18 °C) and is then extended to temperatures between 700 °C and
2700 °C by determining the ratio of the spectral radiance of a tungsten ribbon filament lamp to
that of a gold fixed-point blackbody at a wavelength of 655.3 nm. A description of the facilities
in the NIST Radiance Temperature Calibration Laboratory is given, along with a discussion of
the wavelength calibration, size of source, and linearity issues. The use and calibration of
radiance temperature standards are explained. Values of stability and uncertainties in the scale
are reported. The expanded uncertainties (k = 2) at 800 °C and 2300 °C are 0.6 °C and 1.4 °C for
ribbon filament lamps, 4 °C and 7 °C for disappearing filament optical pyrometers, and 2 °C and
3 °C for infrared radiation thermometers.

KEYWORDS: gold-point blackbody, International Temperature Scale (ITS-90),
pyrometers, pyrometry, radiance temperature calibration, radiation
thermometry, tungsten ribbon filament lamps
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1. Introduction

The National Institute of Standards and Technology (NIST) is responsible for the
establishment, maintenance, and dissemination of the U.S. National Scale of Radiance
Temperature through its Radiance Temperature Calibration Laboratory (RTCL), which provides
temperature measurements above 700 °C. The 1990 NIST Radiance Temperature Scale [1] is
based upon the NIST realization of the International Temperature Scale 1990 [2] using principles
from blackbody physics. Beginning with the determination of the freezing point of gold
(T9p = 1064.18 °C), the scale is realized for the range from 700 °C to 4200 °C using radiometric
methods. The radiance temperature (also referred to as the brightness or apparent temperature)
of a radiator is equivalent to the temperature of a blackbody with the same radiant intensity as
that of the radiator’s surface at a chosen wavelength.

This document describes the determination of the ratio of the spectral radiance of a
tungsten ribbon filament lamp used as a temperature standard to that of a gold fixed-point
blackbody at a wavelength of 655.3 nm. A description of the NIST RTCL along with the use and
calibration of radiance temperature standards therein is presented in detail. Issues relating to the
wavelength calibration, size of source, and linearity of the NIST Photoelectric Pyrometer (PEP)
are then discussed. Stability and uncertainties in the scale are considered in detail within the
framework of the NIST policy on uncertainty statements described in reference [3].

The NIST disseminates the radiance temperature scale by two methods. The first method
involves calibrating ribbon filament lamps as radiance temperature standards in the temperature
range from 800 °C to 2300 °C with expanded uncertainties (k= 2)! of 0.6 °C at 800 °C, and
1.4 °C at 2300 °C. The second method involves the calibration of customer pyrometers and
radiation thermometers. Disappearing filament optical pyrometers are calibrated from 800 °C to
4200 °C with expanded uncertainties (k=2) of 4 °C at 800 °C, 7 °C at 2300 °C, and 25 °C at
4200 °C. Radiation thermometers are measured from 800 °C to 2700 °C with expanded
uncertainties (k = 2) of 2 °C at 800 °C, and 3 °C at 2700 °C.

The radiance temperature calibration services shown in Table 1 are offered through the
NIST Calibration Services Program and are listed in the Radiation Thermometry section of the
Thermodynamics Quantities Chapter of the NIST Calibration Services Users Guide [4]. A
summary of the calibration uncertainties is given in Table 2. This laboratory’s quality system is
based on the ANSI/NCSL Z540-1-1994 standard and the ISO/IEC Guide 25.

! Throughout this paper, all uncertainty values are given as an expanded uncertainty with
coverage factor k = 2, thus a two standard deviation estimate. Uncertainties of fundamental units
given as a combined standard uncertainty in other documents are restated as an expanded
uncertainty (k = 2).



Table 1. Radiance temperature calibration services

Service ID No.

Measurement Description

Calibration reports are issued giving the radiance temperature of the blackbody at 655.3 nm
versus the scale reading, output current, or output voltage.

35010C

35020C

35030C

35040C

Radiance Temperature Standard, Disappearing Filament Optical Pyrometer
(800 °C to 2400 °C, 4 to 12 points, 1 range)

Radiance Temperature Standard, Disappearing Filament Optical Pyrometer
(each additional range up to 4200 °C, only available with No. 35010C)

Additional Interpolated Values

Radiance Temperature Standard, Disappearing Filament Optical Pyrometer
(800 °C to 4200 °C, 3 or fewer points, 1 range)

Calibration reports are issued giving the radiance temperature of the lamp at 655.3 nm versus

the lamp current.

35050C

35060C

Radiance Temperature Standard, Ribbon Filament Lamp (800 °C to .
2300 °C, 6 to 16 points)

Radiance Temperature Standard, Ribbon Filament Lamp (800 °C to
2300 °C, 5 or fewer points)

Test reports are issued giving the radiance temperature of the blackbody at 655.3 nm, 900 nm,
or 1000 nm versus the indicated reading, output current, or output voltage.

35070S

Special Tests of Radiation Thermometers




Table 2. Calibration uncertainties

Expanded
Standard Temperature Range Uncertainty
Ribbon filament lamp 800 °C to 1600 °C 0.7 °C
1600 °C to 1900 °C 1.0°C
1900 °C to 2300 °C 1.5°C
Leeds & Northrup 800 °C to 1600 °C 4°C
Model 8000 series 1600 °C to 2100 °C 5°C
1900 °C to 2300 °C 7°C
Disappearing filament 2400 °C to 2700 °C 8 °C
optical pyrometer 2700 °C to 3200 °C 17 °C
3200 °C to 4200 °C 25°C
Pyrometer Instrument 800 °C to 1400 °C 3°C
Model 95 1400 °C to 1800 °C 4°C
1800 °C to 2400 °C 5°C
Disappearing filament 2400 °C to 2700 °C 8°C
optical pyrometer 2700 °C to 3200 °C 12 °C
Infrared radiation 800 °C to 2000 °C 2°C
thermometer 2000 °C to 2700 °C 3°C

The expanded uncertainty (coverage factor k = 2) is

equivalent to a two standard deviation estimate.



2. Measurement theory

Temperatures above the freezing point of silver (1234.93 K or 961.78 °C) are defined on
the International Temperature Scale of 1990 (ITS-90) [2] in terms of the ratio of spectral
radiances of two blackbody sources, one of which is maintained at the temperature of freezing
silver, gold (1337.33 K or 1064.18 °C), or copper (1357.77 K or 1084.62 °C). The 1990 NIST
Scale of Radiance Temperature (1990 NIST) is a realization of the ITS-90 using a gold fixed-
point blackbody. In this section, the blackbody temperature will be defined in terms of the
spectral radiance. Using the signal measurement equation, the measurement equation for the
calibration of a transfer standard will be derived.

The signal measurement equation, defined by Nicodemus and Kostkowski in 1978 [5],
relates the detector signal output, § [V]2, to the source flux input parameters through a detector
responsivity term, R [A-W"], by the integral relationship,

S=[[[R L -di-cos6 dw-d4, )
Ao i
LEGEND
AS Aperture Stop
CL Collimating Lens
DL Diverging Lens
F1 1 nm bandwidth interference filter
F2 10 nm bandwidth interference filter
FS Field Stop
oL Objective Lens

All units in centimeters.

Figure 1. Schematic of optics for the NIST photoelectric pyrometer.

2 As an aid to the reader, the appropriate coherent SI unit in which a quantity should be expressed
is indicated in brackets when the quantity is first introduced.
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where L) [W-m'3-sr'1] is the spectral radiance, dA [m] is the wavelength band, 0 [rad] is the angle
between the aperture normal and the line connecting the aperture centers, dw [sr] is the
differential solid angle originating at the source aperture as defined by the detector aperture, and
dA [m?] is the differential source aperture area. For the NIST PEP in figure 1, the spectral
responsivity R; includes the spectral transmittance of the interference filters, the spectral
transmittance of all other optical elements, and the spectral responsivity of the detector. In terms
of its specific components, the spectral responsivity is

Ry, =Tior " Tace " Tarm " Tar  Taor Taec  Ripee > ()

where 7; oL is the spectral transmittance of the objective lens, 7, ¢ is the spectral transmittance of
the collimating lens, 7Ty is the spectral transmittance of the 1 nm bandpass interference filter,
Ty,p2 is the spectral transmittance of the 10 nm bandpass interference filter, 7, py is the spectral
transmittance of the diverging lens, T)gc is the spectral transmittance of the evacuated window
cell, and Ry pgp is the detector absolute spectral responsivity.

~ 3.0E+5

pectral radiance (W

o 5.0E+4

200 600 1000 1400 1800 2200
Wavelength (nm)

Figure 2. Blackbody spectral distribution. As the temperature increases, the peak moves towards shorter
wavelengths, and the slope increases at each wavelength.



Spectral radiance L, is the radiant power contained in a defined area, solid angle,
direction, and wavelength interval,

L, =d’®/dA-cosa -df - dA, 3)

where @ is the radiant flux [W], A is the source area, « is the plane angle between the surface
normal and the direction of propagation [rad], B is the solid angle about that direction [sr], and 4
is the wavelength [m]. A few blackbody distributions from 250 nm to 2500 nm between 800 °C
and 2300 °C are illustrated in figure 2. For an ideal blackbody in a vacuum environment,
the relation between spectral radiance, wavelength, and temperature is given by the Planck
equation [6],

_ CiL
S = D & @

where ¢y, is the first radiation constant in radiance form with a value of 119.1044 W-nm?, cy i
the second radiation constant with a value of 1.4388 x 10”7 nm-K [7], A is the wavelength in
vacuum, and T is the temperature [K]. The Planck equation in the form of eq (4) is the definition
for an ideal blackbody radiator. When using a non-ideal blackbody such as a fixed-point
blackbody to realize the temperature scale, the following form of the Planck equation is used,

€, *¢C
L = A S , S
A ni A (exp(c, /(n, - A -T)) = 1) &)

and temperature is defined as a function of spectral radiance using the following equation

¢y

) 6
n,-A-Inll+g, ¢, /n2 A L) ©

TA, L) =

where ¢, is the spectral emissivity of the blackbody (which is equal to unity in the case of an
ideal blackbody), 4 is the wavelength in air, and n, is the refractive index of air at 15 °C and
101,325 Pa. From the Cauchy [8] formula,

n, =1+ (2726.43+12.288 nm*/(A* x10°*)+0.3555 nm*/(A* x10"? ))x107 , 7

the refractive index of air at 655.3 nm is about 1.00028. The temperatures described in this
document are radiance temperatures. The radiance temperature of a radiator is equivalent to the
temperature of a blackbody with the same radiant intensity of the radiator's surface at a specified
wavelength. The relationship between the radiance temperature and the true or thermodynamic
temperature of a blackbody is given by:



LT 2 e, @®)
T T, c

where T is the thermodynamic temperature, T, is the radiance temperature, A is the mean
effective wavelength of the NIST PEP (655.3 nm), and &, is the estimated emissivity of the
blackbody (0.99).

Determination of the spectral radiance temperature of a working standard (WS) lamp
requires measurement of the ratio ry,

n o= Sws )
SAu

of the signals from the transfer standard and the goldpoint blackbody (Au) with the NIST PEP.
From eq (2), this measured ratio is actually

[[[R - (L - cose, - do-da,),, - da
"
A

To simplify the complex expression in eq (10), it is assumed that the spectral radiances L; ws and
L au, spectral responsivities R ws and Ry ay, and amplifier gains Gws and Ga, are independent of
both direction and spatial location. Furthermore, these three variables can be defined by unique
for the transfer source and the gold-point blackbody at equivalent wavelengths (to be defined
later) over the same small wavelength band dA. The solid angle terms can be replaced with the
definition of the solid angle,

>

B | >
€ ey | &

. (10)
R, - (L, -cos 6, -dw - d4,),, - dA

A, - |
o = A ;gsed’ (11)

where A4 is the detector area [mz], 04 is the angle between the optical axis and the normal to the
detector surface [rad], and D is the distance between the detector area and the source area [m].
Assuming that the areas are independent of direction and that the solid angles are independent of
area or spatial location, this ratio then becomes

(R, L, - A -cos8, - A, -cos,),s D2
n o= :
" (R, -L,-A -cosh, -A, -cosB,),, D

: (12)

where A; is the source area [m?], 6, is the angle between the optical axis and the normal to the
source surface [rad], R, ws is the detector responsivity when viewing the transfer source, and
Riau is the detector responsivity when viewing the gold-point blackbody. The spectral
responsivities Rjws and Rja, are assumed to be equal. If the source aperture areas dArs and



dA Ay, source solid angles dawws and dway, and the source inclination angles Gws and 6,4, are the
same for measuring both the transfer standard and the gold-point blackbody, the measured ratio
simplifies to the expression,

_ Liws _ L(Ty)
Lﬂ.,Au L}. (TAu)

(13)

This relationship is the defining equation for the ITS-90 above 1337.33 K. In terms of eq (4), it
can be written at a discrete wavelength, A, as

o LTy _ exple, Mn - AT, )) - 1 (14
l L,(Th) explc, /(n; - A - Tys)) -1’ "

where L;(Tws) and Lj(Ta,) are the spectral radiances of the two blackbodies at temperatures T
and Tayu, Tau is the temperature of freezing gold defined as 1337.33 K, and r, is their ratio. In
principle, a measurement of the ratio at a discrete wavelength with a linear response instrument
yields the value of T.

The radiance temperature scale is typically maintained and disseminated on tungsten
ribbon filament lamps, which possess a repeatable lamp current versus radiance temperature
relationship. At the NIST, a pyrometer system is presently being used with a mean effective
wavelength of 655.3 nm. This method requires that the pyrometer relative spectral response
extends only over a small spectral range, or is known accurately enough to determine the
wavelength at which the integrands of eq (10) have the same ratio as the integrals. Equation (13)
above is an approximation, and, in practice, corrections, which will be presented in the next
section, are used.



3. Realization of the U.S. national scale of radiance temperature

3.1 1990 NIST scale of radiance temperature

The reference temperature standard, a gold fixed-point blackbody (Au) with a
temperature (Ta,) of 1064.18 °C (1337.33 K), and the Planck radiation law are used to realize
and disseminate the 1990 NIST Radiance Temperature Scale. Equation (5) is used to calculate
the spectral radiance Ljau(4, Tay) of the fixed-point blackbody for A=655.3 nm in all the
measurements of this calibration facility. Measurements are performed from 800 °C to 2300 °C
for lamps, from 800 °C to 2700 °C for radiation thermometers, and extrapolated to 4200 °C for
some disappearing filament optical pyrometers.

The NIST PEP is the transfer device used to compare the spectral radiances of the sources
by the direct substitution method. The signals are corrected for size of source, amplifier gain,
and linearity. With these corrections, the spectral radiance and the radiance temperature can be
determined from eqs (12) and (13). The NIST PEP is a filtered radiometer that uses two .
interference filters to select the bandpass. The spectral bandwidth is 5 nm with a mean effective
wavelength of 655.3 nm. A photomultiplier tube with an S-20 spectral response is used in the dc
mode. The measurement spot size is a 0.6 mm by 0.8 mm rectangle.

A high stability vacuum lamp operated at a single radiance temperature of approximately
1255 °C is the working standard (WS). By equating eqs (9) and (13), the spectral radiance ratio is

o= LA(-Tw51) — SWSl . (]5)
LiTh)  Sa

After applying correction factors to the signals in eq (15) for amplifier calibration (Cy), linearity
(CL), and size of source (Cs), the spectral radiance of the WS1 lamp can be written as

Lw _ 8Au : clL -ro. (CA ) CL ’ CS ) G)WS ( l 6)
s = 1 .
2 A‘S C2 _ (CA ' CL : CS ' G)Au
ny - A -lexpl ———— |- 1
n, )' ) TAu

References regarding linearity issues are presented in Section 3.3.5. The uncertainty analysis in
Section 3.6 can then be derived from eq (15) for the NIST radiance temperature scale up to the
calibration of the spectral radiance of the working standard lamp.

3.2 Temperature standards

3.2.1 Gold-point blackbody

In the RTCL, a gold fixed-point blackbody with a calculated emissivity of 0.9999,
designed and built by the NIST Optical Technology Division, is the primary standard used to
realize the 1990 NIST Radiance Temperature Scale. The blackbody in figure 3 consists of a
graphite cavity, a crucible of gold, and a cylindrical heat-pipe furnace. The cavity, which is



76 mm in length and 6 mm in diameter and has a 60° conical end shown, is made from Ultra “F”
grade graphite (spectrographic purities of 10 ppm or less). Surrounding this cavity is a crucible
containing 0.99999% pure gold. The cavity, along with graphite rings and silica glass spacers, is
placed in an alumina tube. The front rings define a solid angle with a f/6 field of view, while the
back rings support the thermocouple. A furnace (see fig. 3), which consists of a sodium heat-
pipe heated by two semi-cylindrical ceramic heater elements inside of a mullite tube, is enclosed
in a water-cooled housing (631 mL/min) and is operated in an argon environment (37 mL/min
with furnace door closed and 235 ml/min with furnace door open).

The gold-point blackbody liquid-to-solid phase transition is shown in figure 4. The
duration of a melt or freeze plateau is approximately 40 min, and the time delay between these
observation periods is about 45 min. Measurements during the freeze cycle show a negative
slope of 20 mK in 30 min. The blackbody is slowly heated over about 8 h before reaching the
melting point and is typically ramped up over night so that it is held just below the melting point
the next morning. After the initial heating at 8 A, the melt cycle is begun by increasing the
current to 8.5 A until the temperature reaches 1071 °C. The freeze cycle is begun by lowering
the blackbody current to 7.95 A. Then the blackbody current is raised to 8.5 A at 1050 °C to
begin the melt cycle again.

cavity
crucible
heat pipe
semicylindrical heater element

water cooling coil

graphite rings . 8
silica glass spacers
shutter opening device

[e- BN =TS PR L

J
4

Figure 3. Schematic of gold-point blackbody.
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Figure 4. Gold-point blackbody liquid-to-solid phase transition.

The gold-point blackbody control system shown in figure 5 consists of a 286-based
personal computer, which regulates the power supply and reads the thermocouple measurements
from the digital voltmeter. To monitor the set points, platinum and platinum/10% rhodium
(type S) thermocouples are inserted into round double bore alumina tubing and are placed in a
silica glass sheathing which makes contact with the rear end of the crucible.

3.2.2 Tungsten ribbon filament lamps

Because of a reproducible radiance temperature versus lamp current relationship, tungsten
ribbon filament lamps are used in the radiance temperature scale realization and are issued as
radiance temperature standards. Vacuum lamps are typically used for temperatures from 800 °C
to 1700 °C, and argon gas-filled lamps for temperatures from 1300 °C to 2300 °C. Gas is
introduced into the high temperature lamps to slow down the evaporation rate of the tungsten.
The evaporated tungsten atoms collide with the gas atoms, lose their energy, and re-condense on
the filament surface before being swept away by convection [9].

11



() HPF[ Gc | ]asa
|
—>
—> R CW
<
LEGEND
ASA Argon Supply and Alarm
Cw 55 °C Chilled Water/Cold Water Switch
DVM Digital Voltmeter
GC Gold-filled Crucible
HPF Heat Pipe Fumace
PC Personal Computer
PS Power Supply
PT Pt/Pt-10% Rh Thermocouple (Type §)

Figure 5. Gold-point blackbody control system.

The lamps have cylindrical glass envelopes and are operated on direct current with the
base facing downward. A computer-stabilized power supply regulates the lamp current to within
+ 0.2 mA. A schematic of the lamp current monitoring system is shown in figure 6. The
filament is connected to the screw base by wires, which conduct the current and thereby
minimize contact problems associated with the screw bases. To achieve the required precise
alignment, the lamps are rigidly fastened in source mounts that allow translation along and
rotation about three mutually perpendicular axes. Located at the intersection of the center of the
lamp filament at the height of the notch opening, the rectangular calibration area on the surface
of the lamp filament is 0.6 mm wide by 0.8 mm high. The notch is about midway along one edge
of the filament. An alignment mark or an etched arrow is placed on the envelope opposite the
side viewed by the pyrometer to permit reproducible angular positioning. Then the lamp is
rotated so that the arrowhead is centered at the mouth of the notch.

Some lamps use a pointer that is connected to the filament support to indicate the
calibration area. The advantage to this approach is a more uniform filament. However, one

12



disadvantage is the requirement of predictable filament expansion and contraction for

reproducible calibration area indication by the pointer.
Until 1995, the NIST issued General Electric’ type 30A/6V/T24 ribbon filament lamps

as radiance temperature standards. However, General Electric stopped manufacturing these
lamps in 1990. The lamp had a glass cylindrical envelope that was 300 mm long and 75 mm in
diameter and a filament that was 3 mm wide and 50 mm long. Figure 7 shows typical lamp
currents as a function of temperature for the General Electric ribbon filament lamps.

| DAC
P S 1 zommon pin <

GPIB

GPIB

SH CL

i
!

LA+ DVM Fg

LEGEND
CL Current Sensing Leads
DAC Two-channel 12-bit D/A Converter
DVM Digital Voltmeter
GPIB GPIB |IEEE-488 Interface
LA Lamp
PC Personal Computer
PS Power Suppy
SH 0.1 Q Shunt

Figure 6. Schematic of lamp current monitoring system.

3 Certain commercial equipment, instruments, or materials are identified in this paper for the sole
purpose of adequately describing experimental or test procedures. Such identification does not
imply recommendation or endorsement by the National Institute of Standards and Technology of
a particular product, nor does it imply that the materials or equipment identified are necessarily
the best available for the purpose it serves.
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Figure 7. Typical lamp currents for the General Electric 30A/T24/6 ribbon filament lamp.

The NIST is currently issuing U.K. General Electric Company (GEC) lamps, although the
lamps are no longer available from this source. The GEC lamps (type 20/G and 20/V) have glass
cylindrical envelopes that are 235 mm long with a 64 mm diameter. The 20/V is a vacuum lamp
with a filament 1 mm wide by 50 mm long and requires about 10 A dc at 1500 °C. The 20/G is
a gas-filled lamp with a 2 mm wide by 30 mm long filament and requires about 20 A dc at
2300 °C.

In 1992, Type TRU 1100-2350 lamps were purchased from the Moscow Lamp Factory
(Russia) for testing as radiance temperature standards. Due to a decline in requests for radiance
temperature standard lamps, the testing was not done. At 2300 °C, about 25 A dc current is
required from the gas-filled lamp, which has a cylindrical envelope, a 2.5 mm wide by 20 mm
long filament, and an alignment pointer. The TRU lamps, which have a 35 mm silica glass
window that projects about 5 mm from the envelope, were used in addition to the GE lamp in the
NIST/VNIOFFI spectral radiance intercomparison [10].

The NIST has also bought type 24/G lamps with double silica glass windows from
Polaron Engineering LTD (U. K.) for use as working and check standards. These lamps are
similar in design and construction to the GEC lamps.

3.2.3 Working standard lamps

A vacuum tungsten ribbon filament lamp of the Quinn-Lee type [11,12] is used in the
temperature scale realization as the secondary temperature standard which maintains the
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temperature scale between scale realizations and as the transfer standard for calibration
measurements. The temperature of the working standard lamp (serial number SL20) is
determined by spectral comparison with the gold-point blackbody. A drawing of this lamp is
shown in figure 8. This lamp is operated at a single current (7.7788 A dc) to produce a spectral
radiance about eight times higher than that of the gold-point blackbody at 655.3 nm (a radiance
temperature of about 1530 K). This lamp is stable to better than 0.1 °C over 100 h when
operated under these single-level conditions. A graph of the calibration history of the working
standard from August 1989 to February 1996 is shown in figure 9.

3.2.4 Variable-temperature blackbody

The NIST uses a commercial variable-temperature blackbody (VTBB) for its radiance
temperature transfer standard (See fig. 10). This VTBB was manufactured by Thermogage Inc.
in Frostburg, MD and was supplied with the Type II dual blackbody assembly (2.54 cm or 1 in
ID cavity), the 48 kW power supply, a control program, the model 7000-1 (4 range) optical
pyrometer, and a digital temperature computer control module. Modifications requested by the
NIST include the addition of the water-cooled semi-cylindrical mirrors, and enlarging the
extension tube opening to accommodate measurements with the NIST PEP.

The VTBB is operated between 700 °C and 2700 °C. The ranges, which are selected by
placing different size apertures on the optical control pyrometer, are the low range (700 °C to
1300 °C), the medium range (1300 °C to 1800 °C), the high range (1800 °C to 2500 °C), and the
extra high range (2500 °C to 2700 °C). The electrodes are water-cooled by using a 13 °C (55 °F)
chilled water source. Before the blackbody is turned on, argon gas displaces the air in the cavity.
When the VITBB cavity is operating, the argon exits from both the front and back extension
tubes.

The variable-temperature blackbody control system regulates the blackbody temperature
to within £ 0.1 °C (see fig. 11). The NIST measures the uniformity of the center partition of the
Thermogage heater elements, and uses those with a spatial uniformity of better than £ 0.2 °C at
2000 °C over an area of 10 mm diameter (see fig. 12). The blackbody heats up to the operating
point in less than 30 min and responds quickly to temperature changes (see fig. 13). The day-to-
day stability of the blackbody is better than £ 0.3 °C, and the 6-month stability is within + 2 °C.

The VTBB operates between 800 °C and 2700 °C with an estimated emissivity of 0.99
from analytical modeling. The temperature distribution within the VIBB cavity is less than
50 °C. The blackbody cavity is composed of a single piece of graphite, which is specially
tapered for achieving high temperature uniformity. This graphite tube is cylindrically hollow on
both ends to form two 2.54 cm diameter cavities with a common partition in the center. One
cavity is used for temperature control, and the other cavity is the blackbody source.
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3.3 NIST photoelectric pyrometer

3.3.1 Measurement system
The PEP is a NIST designed transfer radiometer, which uses refractive optics to image

the source onto the detector. The schematic of the NIST PEP is shown in figure 14. A drawing
of the measurement system is shown in figure 15. The measurement system is completely
automated and controlled by a personal computer, while the laboratory environment is monitored
by temperature and relative humidity sensors. Lamps and blackbodies are positioned onto the
optical axis of the PEP using a closed-loop motor controller system that allows positioning to
within 0.01 mm. The components of the pyrometer are discussed in the next three sections
followed by a discussion of the method used to characterize the system in the last three sections.
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Figure 15. NIST radiance temperature laboratory measurement system.

3.3.2 Optical system

The first element is the objective lens (OL) which is a 5.8 cm diameter bi-convex lens
with a focal length of 32 cm. The source is placed at twice the focal length from the lens and is
imaged with unit magnification onto the field stop (FS), which is located at the back radius of
curvature. The dimensions of the rectangular field stop are 0.6 mm wide by 0.8 mm high. The
field stop defines the size and shape of the calibration target area. The next element is the
collimating lens (CL), which is a 2.45cm diameter bi-convex lens with a focal length of
12.94 cm. The field stop is placed at the front focal point of this lens with the result being a
collimated beam with a diameter of approximately 1.2 cm. Next the aperture stop (AS) reduces
the beam diameter to 1 cm. The beam continues through two interference filters (F1 & F2)
through a plano-concave diverging lens that spreads the radiant flux over the photomultiplier
tube cathode. The beam completely covers the surface of the cathode.

In all cases, the source overfills the objective lens and the aperture stop that corresponds
to a system with an f-number of 13. The solid angle (4.67 x 107 sr) used is a cone having a half
angle of 0.0772 rad (4.4°), the apex of which is at the center of the field stop.

To align sources, the field stop is removed, and the alignment prism (AP) is placed in the
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path behind the field stop mount. The operator views the lamp filament or blackbody aperture
and moves the filament or aperture to the target area viewed by the PEP.

3.3.3 Interference filters

The PEP uses two interference filters centered on 655.3 nm to produce a very narrow
spectral bandwidth filter pack with transmitances in the wings six orders of magnitude lower than
the peak. The first filter is a three-cavity type, and the second is a four-cavity type. Both are
5.08 cm diameter filters made from polished optical quality glass and are coated with a metal
film. The regular spectral transmittances of the filters (see fig. 16) were measured from 400 nm
to 1000 nm in 0.2 nm steps (with a relative expanded uncertainty of 0.3 % at 655 nm) using the
NIST Transfer Spectrophotometer for Regular Transmittance described in reference [13]. The
expanded uncertainty of the wavelength calibration of the spectrometer used to make these
measurements was 0.5 nm at 655 nm. The first and second filters have spectral bandwidths of
1 nm and 10 nm, respectively. The central wavelength of the filters measured in series was
determined to be 654.9 nm with a bandwidth of 2.4 nm when using transmittance data around the
peak from 644 nm to 667 nm. For the full spectral range, the measured central wavelength was
836.6 nm with a bandwidth of 9.4 nm. The central wavelength A. was determined from the
following equation for determining the effective wavelength,

50
45 F- - - L L N N .| === 1nm SBW filter

g _ ' ' ' | ===10 nm SBW filter
A S A A P " 7| ——Coupled filters
35 ...............................................

o0
o

Transmittance
N n
o [6,]
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(6]

-
o

640 645 650 655 660 665 670
Wavelength (nm)

Figure 16. NIST photoelectric pyrometer filter transmittances. The wavelength of the
pyrometer is selected by using a 1 nm and a 10 nm spectral bandwidth (SBW) filter.
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By approximating the integral with finite sums over equal wavelength bandwidths dA, A, is found
to be
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where the value of i indicates the wavelength in nm. The spectral bandwidth AA; was determined
from the following integral relationship,

j T, - dA

Ad, =2 (19)

Tpeak
When the integral is converted into finite sums, the SBW becomes

800
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Tpeak

3.3.4 Detectors

The PEP uses an 11-stage photomultiplier tube with a quartz window and an extended
S-20 spectral response to measure spectral radiances. The detector is housed in a
thermoelectrically cooled (-25 °C) chamber. The anode current is amplified and converted to a
0.1 V to 10 V signal by a programmable dc current amplifier and measured using a high accuracy
digital voltmeter, capable of integration times ranging from 0.2 s to several minutes.

The signals for the test source and the WS lamp can vary by as much as a factor of 1100.
Because several amplifier gain settings are required to cover this dynamic range, all signals are
normalized to the 10® V/A range. The amplifier normalization factors Ca are determined by
measuring the values of the four amplifier feedback resistors. Electrical currents I in the range
from 1 nA to 1000 nA are supplied to the current amplifier, and the output voltages V are
measured using a digital voltmeter. The resistances R, determined using Ohm’s law, V = I - R,
are Ry, Rg, Ro, and Ry, for the (107, 10%, 10°, and 10'®) V/A ranges, respectively. The
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normalization factors for each range are shown in table 3.

Table 3. Current amplifier normalization factors

Range [V/A] Normalization factor
107 Car? =Rg/R7 =9.9776
108 Cars=Rg/Rg=1
10° Caro = Rg/Rg = 9.9858 x 1072
10'° Cario = Rg/Rjg = 9.9846 x 107

3.3.5 Linearity of response

The degree of linearity of the PEP response is determined with a NIST designed
automated beam conjoiner [14]. 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 contribution from both branches is equal to the sum of the fluxes from
each branch when measured separately (additivity). The device provides 100 levels of flux
ranging over a factor of about 500. The levels are presented in random order to avoid systematic
errors, and are interspersed with 25 zero flux levels. A personal 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 (Ci) by which
the radiometer output signal must be multiplied to obtain a quantity proportional to radiant flux.
The correction factor is given by

C,_ = flux / signal = (4, + A, - S + 4, - S*) /S, 21

where A, A, and A, are the coefficients found from the least squares approximation and § is the
signal as defined in eq (1). The current values for the coefficients are listed in table 4. The
magnitude of linearity correction factors is graphically shown in figure 17.

The measured instrument response is linear to within + 0.2 % for a range of
photomultiplier anode currents from 0.1 nA to 500 nA. For currents much less than 0.1 nA, the
signal is limited by noise. In order to ensure linearity of response, the current is restricted to a
maximum of 500 nA by selection of the appropriate photomultiplier tube voltage. Typical
default hardware settings used by the calibration program are listed in table 5.
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Table 4. Detector system correction factors and linearity coefficients

Linearity correction factor - C

Gain Ao A2
[V/A] G e A% A v
7 09987 for 0.9973 for 8 4
10 500 nA 1000 nA -2.1274 x 10 1 -2.6687 x 10
g 0.9998 for 0.9996 for 6 5
10 50nA 100 nA -2.1308 x 10 1 -3.8995x 10
9 1.0002 for 1.0003 for 9 5
10 51A 10 nA -8.9698 x 10 1 -3.1787 x 10
1.0020
Current amplifier ranges
10015 F- - - - - - - e e oo 5 o 9
x10” O 10° A10° | o 0 ©°
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Figure 17. The linearity correction factors for the PEP.

25



S s8¢ ¥90£9  9LL66 L CET6'T9  OIXP001'T §01X6L0T°1 §S0°SLS 00€0°0 886600 6 €0 000E

S S8 PLIOT 9LL66 L  LISIOl  (OIX[S8EE  OIXLSY6'] $S0'SLS 00600  8S86600 6 €0  00€C
S v PHhOL 1 8 VMWL OIXPPSOL  ,01XL9SOY SSO'SLS 66600 8586600 6 1 006l
Ol  66p SSETL 986600 6  STZL0  OIXSSETL  0IX8091Y $S0'SLS 66600 8586600 6 1 oo0s
01  O0fL 99981 I 8 99981  LO0IXE696T  LOIXPZEI'] SSO'SLS (8Lv'6  9LLE6 L S60 00l
0Z  OSL 8YITO 986600 6  SIZ00  OIXEEOTT  ,OIXSIOET SS0'SLS 1866 9LL66 L S60 008
Wﬁ—% WAM L_W__w Jowed :o%mo.““ﬁ :ow%““vu [ 35 wo-pM] [ 35 wo-p] =ow%wau%o oped e _am_\wwm D]
wem LA weL o 9L oney (153 *7 (0z18)'T 0T1S oBuey ors L

uresSoid uonelqies £q pasn sumes aremprey Jnejaq °s qeL

26



3.3.6 Wavelength calibration

The mean effective wavelength of the PEP is calculated for temperature from 800 °C to
3000 °C by measuring its relative spectral response in the NIST Visible/Near Infrared Spectral
Comparator Facility [15]. The collimating lens, aperture stop, optics enclosure, and PMT system
of the PEP were set up in the Spectral Comparator Facility and the relative spectral response was
measured while maintaining the same system geometry as in the RTCL. The PEP was measured
from 400 nm to 900 nm in 5 nm steps and from 630 nm to 670 nm in 0.2 nm steps. The relative
spectral response was calculated from the following equation,

SPEP (A')
Sa(4 G
Rep(h) = G20 Ry - 2, @3)
ZwiA PEP
50a)

where Rpep(A)is the relative spectral response of the PEP in [A/W] as defined in eq (2), Spep(A) is
the signal from the PEP in [V], S,1(A) is the signal from the monitor detector simultaneous with
Spep(A), Sw(A) is the signal from the detector working standard (DWS), Sp»(A) is the signal from
the monitor detector simultaneous with Sw(A), Rw(A) is the absolute spectral response of the
DWS, Gw is the calibrated amplifier gain for the DWS in [V/A], and Gpgp is the calibrated
amplifier gain for the PEP. The PEP results are relative spectral responses because the
measurement was performed in the overfill mode that resulted in a slightly different spot size.
From eq (18), the CW was determined to be 655.0 nm and the SBW was calculated to be 5.0 nm
from eq (20) for data over the 400 nm to 900 nm range. The CW was 655.3 nm with a SBW of
4.2 nm for the 630 nm to 670 nm data. Relative to the peak value, the measured relative spectral
responsivity values decrease to about 10 at 5 nm from the central wavelength and to about 10
at 50 nm as illustrated in figure 18. Spectral radiance as defined in eq (4) is a function of a single
wavelength, A. However, the PEP has a finite bandwidth, and the PEP measures radiance as
defined by an integral form of the Wien equation,

900
C
L= ! "R, -dA, (24)
JMS cexple, /A -T))

which could be used in the ITS-90 definition of eq (14). In the RTCL, the single wavelength
A'r. -1, used in eq (4) is be defined as follows,

__ & _|1_1
o T, 15 [n Tz]’ )
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where A;_, is the mean effective wavelength, L, is the radiance of the test lamp at temperature

Ty, and L, is the radiance of the WS at temperature 7.

All of the temperature measurements are performed for a mean effective wavelength of
655.3 nm, and these corrections are calculated for the VIBB with an emissivity of 0.99. The
spectral radiance Lj(A, €, T) of the blackbody is defined by eq (5) to be a function of the
wavelength, spectral emissivity, and the temperature, while the temperature T(A, Ly, &) is
defined by eq (6) to be a function of the wavelength, spectral emissivity, and the spectral
radiance. The following steps are performed to calculate the corrections at 900 nm for
Ty =1073 K.

= Calculate Lo = 1.2856 W-cm™>-sr'!, where 1 =655.3nm, €, =1, and T = T}
= Calculate T; = 1073.53 K, where A =655.3 nm, €,=0.99,and L; = L,

= Calculate L; = 68.31 W-cm'3-sr", where A=900nm, £,=0.99, and T =T,
= Calculate 75 = 1072.80 K, where A=900 nm, &3 =1,and Ly = L,

The corrections T, - T that are added to the radiance temperature at 655.3 nm to determine the
radiance temperatures at 900 nm and 1000 nm are given in table 6. These corrections are
equivalent to a spectral radiance correction of -0.27 % at 900 nm and -0.34 % at 1000 nm.
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Figure 18. Relative spectral response of the NIST photoelectric pyrometer.
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Table 6. Corrections (°C) to the radiance temperature at 900 nm and at 1000 nm

Blackbody temperature (°C) 900 nm 1000 nm
800 -0.20 -0.27
1100 -0.32 -0.45
1500 -0.53 -0.75
1900 -0.80 -1.13
2300 -1.12 -1.58
3000 -1.82 -2.55

3.3.7 Size of source effect

Measurements are performed to determine how much of the measured flux is from
sources other than the target. This additional flux from outside the target area is scattered into
the measured beam by the optical system. The measurement is performed to determine the size
of source effect or the sensitivity of the PEP when viewing a 0.6 mm wide by 0.8 mm high target
area on sources of various sizes. The magnitude of the size of source correction is determined by
measuring the spectral radiance of a large uniform diffuse source with various apertures in front
of the source. The large uniform diffuse source designed at NIST is used to measure the source of
source effect. A 1 kW frosted quartz-halogen lamp is placed in a 20 cm by 23 cm by 20 cm
vented housing. A lens focuses the lamp onto an opening in the housing that is covered by a
diffuser. The apertures are on an aperture slide for quick positioning and reproducibility. The
aperture sizes measured are a 1.4 mm by 25.4 mm slit, a 3 mm by 254 mm slit, a 15 mm
diameter hole, and 25.4 mm diameter hole which approximate the sizes of the WS filament, the
TL filament, the Au blackbody opening, and the BB opening. The ratio r; is the measurement of
the ratio of the WS to the AuBB in eq (9). The size of source correction is calculated from the
ratio of the measurements of the 15 mm diameter hole to the 1.4 mm by 25.4 mm slit. The
spectral radiance correction was 0.09 %, which corresponds to a correction factor of 1.0009
% 0.0006 and a temperature correction of 0.10 °C. A negligible difference was observed for the
comparison of the measurements of the 1.4 mm by 25.4 mm slit and the 3 mm by 25.4 mm slit;
therefore, the correction factor for ratio r; is 1. The size of source correction for ratios r; and r4
is -0.13 % which corresponds to a correction factor of 0.9987 + 0.0002. The correction was
calculated from the ratio of the measurements of the 1.4 mm by 25.4 mm slit to the 25.4 mm
diameter hole. The magnitude of the temperature correction varies from -0.07 °C at 800 °C to
-0.52 °C at 2700 °C. The size of source corrections are shown in figure 19. Because of flux
contributions from outside the target area, the larger area BB results in a higher temperature. A
negative correction is added to subtract the additional flux.
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Figure 19. The size of source corrections for the variable temperature blackbody to the working
standard lamp comparison and the working standard lamp to the gold-point blackbody.

3.4 Radiance temperature scale uncertainties
From the laws of statistical theory, when the covariances of the independent variables are
assumed to be negligible, the propagation of standard uncertainty u(y) for a variable y,

y = f(x;, X5, X350e0s Xy ) 5 (26)

can be defined in terms of the following sum,

u(y) =1y, (%’:— - ux, )] , Q7

i=l1

where u(x;) are the standard uncertainties. The uncertainty in the WS lamp spectral radiance,
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can be calculated by the root sum of squares (RSS) of the products of partial derivatives with
their respective uncertainties. This uncertainty uo(Lws) can be derived directly from the
measurement equation in eq (16) by using the propagation of standard uncertainty relationship in
eq (27). The partial derivatives are those of the spectral radiance with respect to the independent
variables in eq (16) and are listed in eqs (29) through (33). The eleven variables in the
summation of eq (28) are the following variables: €ay, ciz, 11, Caws, CLws, Csws, Gws, Ca Au
CLAu, Cs.Au OF Gay. Since all of the measurements in the RTCL are based on the WS lamp, the
uncertainty analysis of each calibration service (tungsten ribbon filament lamps, disappearing
filament optical pyrometers, infrared thermometers) will be completed in Sections 4, 5, and 6
using the uncertainty in uo(Lws).

The measurement equation for the radiance temperature scale from the gold-point
blackbody to the WS lamp can be represented by eq (16). The partial derivatives of the WS
spectral radiance in eq (16) with respect to the variables, 7, A, Tay, and ¢, are

p) > (oL > (oL :
e < [t (-]« (B )
A A

(28)

exp(__&_]
Oys _ Lws |__ & b ) (29)
on, 0! ny - ATy, exp ) _1
L n, AT, |
exp| ————
Lws _ Lws |__ & oA Te) s (30)
oA A n, - ATy, ( c, ) ’
exp| ————— |- 1
nl ) A’ : TAu
( C2 L |
expl ————
OLys _ Lws | ¢ . m AT and (31
0T, Tao M- ATy exp( ) ]_ 1
n, - 2’ ’ TAu
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The expression in eq (28),

_’ast = Lws (33)
ox x

represents the partial derivatives of Lws with respect to x, where x is one of the eleven variables
in eq (28).

Table 7 details typical values of the variables in eq (16), while table 8 summarizes the
uncertainties in eq (28). The uncertainty u(Ta,) in table 8 is derived from the NIST radiometric
determination of the freezing point of gold [16]. The combined uncertainty #(Lws) in the spectral
radiance of the WS lamp can then be calculated by calculating the RSS from the following
expression,

WlLys) _ [uo<LWs>] +[___u<DMM>] (_@] (ﬂ] , 34
Ly Lys Lys Lus Ls

where u(DMM) is the digital multimeter uncertainty, #(IL'TC) is the lamp current uncertainty, and
u(LD) is the lamp drift uncertainty. From tables 7 and 8, a typical relative expanded uncertainty
in the WS spectral radiance is equal to (2.870 W-mZpum .sr')/(569.9 W-mZpum Lsr), or
0.50 %. The final value of the WS spectral radiance will be utilized in Sections