UNCERTAINTY ESTIMATION IN PRIMARY RADIOMETRIC
TEMPERATURE MEASUREMENT

JULY 2018

Peter Saunders®, Emma Woolliams?, Howard Yoon®, Andrew Todd*, Mohamed Sadli®,
Eric van der Ham®, Klaus Anhalt’, Lutz Werner’, Dieter R. Taubert’,

Stephan Briaudeau®, Boris Khlevnoy®

MSL, Lower Hutt, New Zealand
NPL, Teddington, United Kingdom
*NIST, Gaithersburg, United States of America

*NRC, Ottawa, Canada

*LNE-CNAM, St Denis, France

®NMIA, Sydney, Australia
'PTB, Berlin, Germany
8/NIIOFI, Moscow, Russian Federation

Under the auspices of the Consultative Committee for Thermometry

www.bipm.org



Table of Contents

1 RS ol0] o1 PSSP 4
2. Radiometric Measurement of Thermodynamic TEMPErature..........ccocvvvvevenenenenensieneniens 5
2.1 Measurement Of RAGIANCE ........c.ooviiiiiiiiiiie bbb 5

2.2  The Geometric Factor (Form Factor, Configuration Factor) ............cccccevvvvvieveieeiesesiennens 5

2.3 FOUr Calibration SCREMES.........cc.ciiiiiiiie e 6

2.4 The Basic Measurement EQUALTION ........ccccveiiieieiiiiesie sttt 7

2.5 The Generic Measurement EQUALTION ...........cccooeieiriiinisiseseseeee e 9

2.6 Determining the Temperature of the Blackbody ..o 10

3. UNCEITAINTY ANAIYSIS....cuiiiiiiicie et e st e e s be et e e besreebesteaneeseas 11
3.1  Categorising the Uncertainty COMPONENTS ........cecveiieiieiieiiie e sreste e sre e sre e 11

3.2 Overview of Uncertainty ANalYSIS ..o 11

TR T O -1 =1 o] PSSR 12

3.3.1 Uncertainties associated with wavelength............ccccoevvieininiiinn e 12

3.3.2 Uncertainties associated with the spectral reSponSiVity........c.ccccovvvverivivnieiesiennens 13

3.3.3 Application of correlation information.............cccceveviveieiini e 13

4. Calibration of the Filter RAAIOMELEr...........cocoi i e 14
4.1 Common Sources Of UNCEMAINTY........ccccviiieii it s 14

4.1.1 Power responsivity Of a trap deteCtor ..........ccoiriieieieicee e 14

4.1.2 Amplification of a small photOCUITENt...........ccoiviiiiiiiie e 15

4.1.3 Geometric propagation through a double aperture SyStem .........ccccceevevivevieinsnenne. 16

4.1.4 WaVEIENGEN SCAIE..........ciiiiiiiee e 20

4.1.5 Out-0F-bDand radiation .........cccciviiiierieeiee e 22

4.1.6 SErAY TGN .o 23

4.1.7 Diffraction and aperture SCALLEr ..........cccoveiiiririne e 25

4.2 Sources of Uncertainty Specific to the Calibration Scheme ..o 26

4.2.1 POWEL @PPIOACKH ..ottt sttt et s be e e 26

4.2.2 1rradianCe aPPrOACKH .....c.viuiiiiiiiiite et 27

4.2.3 Hybrid @pPrOaCh ......c.ocviiiie e e s 28

4.2.4 RadianCe aPPrOaCh.........ccciiieiiiiiiee ettt s bbb 30

5. Other Characteristics of the Filter Radiometer ..........ccccovviieiiiiieiece e 31
5.1  Spectral Selection and Filtering ... 31

5.1.1 Glass and interference filterS .........cocvieieieiieiisec e 31

5.1.2 Monochromator-based fIltering.........cccooeieiiiriiii e 34

6. MEASUFEMENT OF SOUICES......eiiiiiieiie e eieeie sttt sttt te e beste e e e s te s e e saesteeneesreeseenneas 38
6.1  Sources of Uncertainty due to the Filter Radiometer...........ccccevvvivviieveiecie e 38

6.1.1 Size-0f-Source CharaCteristiC...........covueueiieieie e 38

6.1.2 Size-0f-S0UICE EFFEC.....uiiii i bbbt 39

B.1.3 LINEAITLY ..ottt e 40

6.1.4 Instrument temperature sensitivity (room temperature and heating from furnace) .41



6.2  Sources of Uncertainty Due t0 the SOUICE..........ccoiiiiiiiiieiceeee e 42

6.2.1 BIlackbody EMISSIVILY ......ccccvviiiiiiiiicicie st 42

6.2.2 For variable temperature blackbDOIes.............cooiiireiiciiic e 44

6.2.3 FOr fIXEU-POINTS ...ooiviiiiiiie et 47

7. Example Uncertainty BUAQELS ........coiiieiiiiic ettt sre sttt 48
7.1 Uncertainty Components for Each Calibration Scheme ............cccoooiiiiiiiiccc e 48

7.2 UNCEMAINTY VAIUES ....oovieiiiiiciie ettt sttt e st st e ta e tesne e e 49
Appendix A.  Uncertainty Propagation Based on the Integral ............cccccooiiiiiiiinincc, 52
A O 00 o (o0 o £ PRSP 52

A2 GUM Tree Calculator (GTC) ..oviiiiieceeie sttt st st sresre e 54

A.3 How to Apply the Method for Different Sources of Uncertainty ..........c..cccoceeeveievieiiennns 55
Appendix B.  Uncertainty Propagation Based on Key Spectral Parameters............cc.cccceevevnenn. 57
B.1  CONCEPLS ..ttt e b n e n e nr e 57

B.2 How to Apply the Method for Different Sources of Uncertainty ...........ccccceeeveveveinnnenne. 62

=] (=] o1 SRRSO 64



1. Scope

The mise-en-pratique for the definition of the kelvin describes absolute primary radiometric
thermometry as an approach for thermodynamic temperature measurement based on an accurate
determination of the optical power emitted, over a known spectral band and known solid angle, by an
isothermal cavity of known emissivity. This report has been produced by members of the CCT
Working Group on Non-Contact Thermometry (CCT-WG-NCTh) to describe the methods used for
determining the uncertainty associated with thermodynamic temperature as measured using absolute
primary radiometric thermometry. The uncertainty components given in the report are described as
“best” and “normal”, where best uncertainties are those that can be obtained with considerable effort
by a small number of leading workers in the field, and normal uncertainties are those that can easily be
obtained at present in national metrology institutes. All uncertainties given in this document are
standard uncertainties.



2. Radiometric Measurement of Thermodynamic Temperature

2.1 Measurement of Radiance

The determination of thermodynamic temperature through filter radiometry involves the measurement
of the spectral radiance of a blackbody source using an instrument known variously as a ‘filter
radiometer’ or ‘absolute radiation thermometer’. Such an instrument consists of a detector and spectral
filter', and an optical system, typically including two co-aligned circular apertures that define the solid
angle, and, optionally, additional lenses or mirrors.

The blackbody spectral radiance is given by Planck’s law, which, for measurements where the detector
isin air, is

2hc? 1
Lb(/tT)_(nZ/’LBjexp[hC/(n/lkT )]-1 M

where T is the thermodynamic temperature, k is the Boltzmann constant, h is the Planck constant, c is
the speed of light in a vacuum, n is the refractive index of the air [1, 2] at the detector, and A is the
wavelength in air. The constants in Eq. (1) are usually written in terms of the first and second radiation

constants, ¢, =2hc® =1.191 042 972x10™° Wm? and ¢, =hc/k =0.014 387 768 mK .

The temperature of the blackbody is determined by measuring the spectral radiance within a defined
spectral band. The units of spectral radiance are W m2 sr* nm* and, therefore, a primary radiometric
determination of thermodynamic temperature requires the power measurement to be traceable to the
definition of the watt, and wavelength, area, and distance measurements to the definition of the metre.
Generally, this is achieved as follows:

e Power: via a responsivity calibration of the filter radiometer against a trap detector that has
been calibrated against a cryogenic radiometer.

e Wavelength: by making the responsivity calibration at discrete wavelengths using a
calibrated tuneable monochromatic source. This is often achieved using a tuneable laser
illuminating an integrating sphere [3, 4] or, alternatively, a monochromator-based source
[5, 6]. The wavelength determination of the laser, or the wavelength scale calibration of the
monochromator using atomic emission lines [7], provides traceability to the metre.

e Area and distance: via two precision circular apertures with known diameters and separation.

2.2 The Geometric Factor (Form Factor, Configuration Factor)

Consider the simple case of a coaxial system consisting of a blackbody, two apertures, and a detector.
The blackbody is a Lambertian source and, therefore, the flux, @, that leaves the first aperture and
radiates into the full hemisphere is determined by the area, A , of the first aperture and the radiance of

the blackbody:

®, =ArL,. (2)

! Which may be a glass or interference filter, or may be created using an instrument such as a monochromator.
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The form factor is the fraction of radiation emitted by one Lambertian surface that is intercepted
directly by a second surface. The form factor for two coaxial parallel circular apertures of radii r, and

r, and separation d is:

2r}

Fyp = .
(7 +17 +d2)+\/(r12 +17+d?)? - 4]

@)

A=A

The flux that reaches the second aperture is equal to the flux emitted by the first aperture multiplied by
the form factor; i.e.,

®, =A7LF,_,. 4)

It is sometimes helpful to introduce a geometric factor, g, defined as

27r’r?
g= AiFAi—AZ = =t , )
(fZ+r2+d*)+ \/(rf +17+d?)? —4r’r]
so that the flux is calculated from
®, =grL,. (6)

The geometric factor is symmetrical with respect to the two apertures, so distinguishing between a
“first’ and a ‘second’ aperture is not required.

2.3 Four Calibration Schemes

As currently realised, filter radiometers comprise a detector, a spectrally-selective filter, and a
geometric/optical system with two defining apertures. For illustrative purposes, four different
implementations are described below (and in the mise en pratique), each having a slightly different
calibration method.

o A filter radiometer, calibrated for power responsivity, used to measure the radiance of the
blackbody in combination with detector and source apertures — the spectral power method.

o A filter radiometer, calibrated for irradiance responsivity, used to measure the radiance of the
blackbody in combination with a source aperture — the irradiance method.

o A filter radiometer, calibrated for irradiance responsivity, used to measure the radiance of the
blackbody in combination with a lens aperture and a single, simple lens — the hybrid method.

e An imaging radiometer, calibrated for radiance responsivity, comprising a filter radiometer
incorporated within an optical system consisting of several lenses and appropriate baffling —
the radiance method.

The first two methods are non-imaging and the second two use optics to facilitate the measurement of
small sources.



2.4 The Basic Measurement Equation

Whichever scheme is used, the measurement equation takes the form
i =[5 (A)L,(4,T)d4, (7)
0

where i is the measured photocurrent, s, (1) is the spectral radiance responsivity [units: A W™ m? sr]
of the combined instrument, L,(4,T) is the spectral radiance of the blackbody, as given by Eq. (1), 4

is the wavelength in air, and T is the thermodynamic temperature. This expression will be modified
somewhat for the different schemes.

For the spectral power method, the radiometer is calibrated for flux responsivity [units: A W] and
two apertures are added for the blackbody measurement (see Figure 1). Equation (7) is implemented
using

Spectral power: S (A1) =705, (4), (8)

where g is the geometric factor for the added double aperture system, given by Eq. (5), and s, (A1) is
the spectral flux responsivity of the filter radiometer.

a) Calibration b) Use

Figure 1. The power method.

For the irradiance method, the radiometer is calibrated for irradiance responsivity [units: A W™ m?]
with an overfilled aperture. It is then used with a second aperture added for the blackbody
measurement (see Figure 2). Equation (7) is implemented using

Irradiance: s, (1) = 795 (4) , )

R

where g is the geometric factor for the double aperture system, given by Eg. (5), after the second
aperture is added, A is the filter radiometer’s aperture area, and s.(A4) is the irradiance responsivity
of the filter radiometer.



a) Calibration b) Use

Figure 2. The irradiance method.

For the hybrid method, the setup is similar to the irradiance method, but an additional lens is
introduced to enable the measurement of smaller sources (see Figure 3). Here, Eq. (7) is implemented
using

7gse (1)7(4)

Hybrid: s (4)=
A

(10)

where g is the geometric factor for the double aperture system, given by Eq. (5), after the second
aperture is added, A is the filter radiometer’s aperture area, S.(A)is the irradiance responsivity of

the filter radiometer, and z(1) is the spectral transmittance of the lens.

T

a) Calibration b) Use

Figure 3. The hybrid method.

For the radiance method, Eq. (7) can be used directly, as here the instrument is calibrated for radiance
responsivity (see Figure 4).
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Figure 4. The radiance method.

2.5 The Generic Measurement Equation

Generally, Eqg. (7) has additional multiplying constants to account for various corrections. The
measured signal may be, for example, a voltage

\Y

signal = I XG (11)

amp !
where G, is the gain of a transimpedance amplifier [units: V Al

There will be further corrections for other effects. The hybrid and radiance methods will have a size-
of-source effect (SSE) correction due to lens scatter (see Sections 6.1.1 and 6.1.2). The irradiance and
power methods will have a similar diffraction correction for diffraction at the first aperture (see
Section 4.1.7). These provide an additional correction factor, here generically given by the symbol
Ksse - The power, irradiance, and hybrid methods will also have a correction for stray light, K, (see

Section 4.1.6).

stray

There may be a correction for blackbody emissivity, &z, which is generally considered to be a
constant over the spectral responsivity of the filter radiometer (but may need to be treated as a spectral
quantity for wide bandwidths). There may also be a correction for instrument linearity between the
calibration and blackbody signal levels, K, (see Section 6.1.3), and a correction for out-of-band
transmittance, Ko (see Section 4.1.5). Thus, for example, for the hybrid method Eq. (7) may be
written



v. =79

signal AFR

For the purposes of uncertainty analysis, it is helpful to write this in a generic way to simplify the

mathematical expressions. Therefore, for the mathematical sections of this report, we use a generic

version of this expression. Note that later sections describe how to interpret this generic notation for
specific cases. Thus, the generic version of the equation is:

gBBGamp KOOB Kstray KSSE KIin

TsE ()7L, (A, T)dA. (12)

Generic: S= K]Os(z)Lb(z,T)dA, (13)

where S is the measured temperature-dependent “signal”, which may be in amps, volts, or digital
numbers, depending on the device, s(4) is the radiance, irradiance, or power responsivity of the filter
radiometer, as appropriate (and for the hybrid case also includes the lens transmittance), K includes all
the optical, geometrical, and electrical quantities not included in s(1), and L,(4,T) is the blackbody
spectral radiance.

2.6 Determining the Temperature of the Blackbody

Generally, Eg. (13), with the appropriate corrections (e.g., in the form of Eg. (12)), is solved
numerically by iteratively varying T until the calculated signal (the right-hand side of Eq. (13)) is
equal to the measured signal, S. Methods such as the bisection rule can be used to achieve this, but the
most efficient method is to use the Newton-Raphson algorithm, based on an initial estimate T,. The

algorithm then proceeds by forming successively better estimates, T,, for i = 1, 2, 3, ..., using the
formula

S—KTS(/I)Lb(/l,Ti)d/I

T,=T+ (14)

c, < L,(4,T)
T? K.([s(/l) nA[1-exp(—c,/(nAT))]

Convergence to better than 0.1 mK is usually achieved in fewer than 5-10 iterations, depending on
how close the initial guess, T, is to the true temperature [8].
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3. Uncertainty Analysis

3.1 Categorising the Uncertainty Components

For the purposes of this report, the uncertainty components are separated into four categories, as
shown in Figure 5. The main split is between those sources of uncertainty that are due to the
calibration of the filter radiometer and those that are due to its use in measuring a blackbody. Some
sources of uncertainty for the filter radiometer calibration are common to all four calibration schemes
(Section 4.1), while others are specific to one scheme. The sources of uncertainty relating to the
measurement of a blackbody can themselves be split into those due to the source and those due to the

filter radiometer.

[ 1

Filter radiometer Measurement of
calibration blackbody
T T
[ I I ]
Power Irradiance Hybrid Radiance
| | Wavelength Method Method Method Method Linearit Blackbody
scale T T T Y emissivity
Stray light in Uniformity of Area of trap Transmittance Diffraction by Instrument Fixed p.O.ImS:
— A H H temperature — Transition
calibration detectors aperture of lens trap aperture o -
sensitivity definition
Responsivity Diffraction by Uniformity of Variable BBs:
) Absolute ; ; o
— of trap H Ageing source H integrating — Stability,
SSE : ’
detector aperture sphere uniformity
Out-of-band Temperature U‘n |form|ty of Area of trap
— effects H of trap irradiance H aperture SSE
detector field
Amplification Diffraction by Uniformity of
— of - source H irradiance
photocurrent aperture field
| | Geometric
factor
— Noise

Figure 5. Classification of the uncertainty components.

3.2 Overview of Uncertainty Analysis

The measurement equation, written in generic notation as Eg. (13), relates the measured signal to the
source temperature, T. Uncertainty associated with any of the factors or parameters in Eq. (13),
determined either during the calibration phase or during use to determine an unknown temperature,
must be propagated through this equation to calculate its influence on the calculated value of T. As the

expression cannot be rearranged into the direct form T = f(xl,xz,...), the uncertainty analysis

requires implicit differentiation. The sensitivity coefficient for any standard uncertainty component
u(x;) can be determined from:
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oT__as oS

ox,  ox/ oT
The total standard uncertainty associated with the calculated temperature is then, in accordance with
the law of propagation of uncertainties [9],

(15)

12
u(T)=lz(2x—Tu<x)j Zza—Ta—T«x., X (X U(X, )] , (16)

i i i jj¢|

where r(x;,x;) is the correlation coefficient between the uncertainties u(x;) and u(x;).

ir

There are two approaches to deriving these sensitivity coefficients. One method, described in
Appendix A, is based on the full integral of Eq. (13). The second method, described in Appendix B,
approximates the measurement equation by an analytic equation based on key spectral parameters of
the filter radiometer, which can be used to calculate T directly.

3.3 Correlation

There are two ways in which correlation affects the uncertainty analysis:

e Where multiple measured values are combined, it is necessary to distinguish those sources of
uncertainty that are systematic between the combined measurements (for example, if the same
filter radiometer is used, then its calibration can be considered common) and those that change
from one measurement to the next (for example, measurement noise).

e The measurement equation, Eq. (13), integrates the product of the Planck function and the
spectral responsivity of the filter radiometer. The spectral responsivity of the filter radiometer
is determined at discrete wavelength values by comparison with the trap detector. In order to
estimate the uncertainty associated with the integrated quantity, it is necessary to understand
the correlation between the measured values at the discrete wavelengths.

This section concentrates on the second condition — the implication of correlation on the spectral
integral. It is also necessary to consider that there will be uncertainties associated with both the
wavelength scale (horizontal axis in graphed spectral responsivity) and with the responsivity (vertical
axis in graphed spectral responsivity), and for both wavelength and responsivity effects there are some
sources of uncertainty that are fully correlated, some that are partially correlated, and some that are
uncorrelated.

3.3.1 Uncertainties associated with wavelength

During the filter radiometer spectral calibration, the responsivity is determined at several wavelengths
using a monochromatic, or pseudo-monochromatic, source created using either a tuneable laser or a
monochromator illuminated by a broadband source. The calibration of the wavelength scale of a laser
and monochromator is described in Section 4.1.4. Where a wavemeter is used with a laser, the
uncertainties are generally small. The worst-case scenario would be when these uncertainties are fully
uncorrelated.

A monochromator’s wavelength scale is itself calibrated against reference wavelengths. Here there
will be wavelength uncertainties in all three categories. The accuracy of the wavelength scale

12



calibration will be a fully correlated (systematic-wavelength) effect. The reproducibility of the
wavelength scale (repeatability of the grating rotation) will be a fully uncorrelated (random-
wavelength) effect. Any sine-bar error, which creates a reproducible spectral shape to the wavelength
scale error, will be a partially-correlated effect.

3.3.2 Uncertainties associated with the spectral responsivity

Assuming that the calibration is performed in ‘one go’ (i.e., the filter radiometer is not realigned from
one wavelength to the next), then all sources of uncertainty relating to the setup (e.g., alignment,
geometry, diffraction) will be correlated effects, affecting the spectral responsivity equally at all
wavelengths. Stray light and source non-uniformity are usually also spectrally ‘flat” across the spectral
range of a filter radiometer.

Measurement noise (whether electrical or optical) is always a random effect, and, assuming that the
measurements take a considerable period of time, fluctuations in, for example, room temperature, as
well as source stability, will also be uncorrelated (having a random effect on the responsivity values
determined from one wavelength to the next).

Partial correlation will come from a slow drift during the measurements of, for example, the reference
detector, from room temperature variations, or from a drift in the instrument alignment. Here,
measured values at wavelengths taken closer together in time will have a higher correlation than those
taken at, for example, the beginning and end of a scan. Partial correlation is also introduced through
mathematical interpolations of the reference detector’s spectral responsivity. If the filter radiometer is
relatively narrowband, then the reference detector’s spectral responsivity may be based on a single
wavelength value and, therefore, the uncertainty associated with the reference detector’s responsivity
will create a fully correlated effect in the filter radiometer’s spectral responsivity. On the other hand, if
the filter radiometer is broadband, then the reference detector’s responsivity will be based on several
measured values, and in this case the effect will be partially correlated.

3.3.3 Application of correlation information

The application of correlation information is discussed in Appendices A and B. In these appendices,
the wavelength uncertainties are separated into fully correlated components and fully uncorrelated
components, and propagation of uncertainty formulae, based on Eq. (16), are explicitly derived for
these two cases (i.e., when r(4,4;)=1 for all i and j, and when r(4,4;)=1 only when i=j and is

zero otherwise). Partially-correlated uncertainties are easily dealt with if the values of r(4,4;) are

known, since all of the sensitivity coefficients in Eq. (16) are given. Propagation of uncertainty
formulae for the spectral responsivity values are similarly derived.

13



4. Calibration of the Filter Radiometer

4.1 Common Sources of Uncertainty

This section describes sources of uncertainty that are common to all four of the calibration schemes
discussed in Section 2.3. There may be some differences in how these uncertainties are assessed for
each calibration scheme, and those differences are discussed in the relevant sections below
(Section 4.2).

4.1.1 Power responsivity of a trap detector

The spectral power responsivity, s, (4), of a photodiode-based trap detector is defined as the ratio

of the photocurrent, 1, to the incident radiant power, P, causing the photocurrent:
Souap(A) =1/P. (17)

The photocurrent measurement is usually performed by a current-to-voltage converter (Section 4.1.2)
and a digital voltmeter. The radiant power is measured using a cryogenic radiometer, which is an
electrical substitution radiometer operated at low temperatures, slightly above the boiling point of
liquid helium. The radiation sources can be subdivided into three main types: (i) a monochromator in
conjunction with a broadband radiation source (e.g., an argon arc plasma, a xenon arc, or a tungsten-
halogen lamp); (ii) a widely and continuously wavelength-tuneable laser system; and (iii) a laser
system delivering radiation at widely separated laser lines (e.g., a krypton ion laser). The first two
systems allow, in principle, the determination of the spectral responsivity at any wavelength of
interest. In practice, the measurements are performed at wavelengths separated by intervals ranging
from about 2 nm to 20 nm. The last system (iii) is restricted to measurements at the available laser
lines, which are usually widely separated. In all cases, the measured spectral responsivity must be
interpolated over the entire wavelength range of interest using empirical or physical models. When the
trap detector is applied to measure the radiant power in order to calibrate a filter radiometer, its
spectral responsivity has to be corrected for the experimental conditions (e.g., radiant power,
temperature, spot size, polarisation state, etc.) during the calibration of the filter radiometer, which
usually strongly differ from those during the calibration of the trap detector.

The uncertainty contributions can be grouped as follows:

G1. Uncertainty of the radiant power measurement by the cryogenic radiometer.
These contributions mainly depend on the type of cryogenic radiometer used and the effort
spent to characterise the device.

G2. Uncertainty contributions related to the trap detector calibration against the cryogenic
radiometer.
These contributions mainly depend on the calibration principle, the radiation source, and the
facility used to calibrate a trap detector against a cryogenic radiometer.

G3. Uncertainty contributions arising from the interpolation of the spectral responsivity.

G4. Uncertainty contributions related to the use of the calibrated trap detector under experimental
conditions different from those during its calibration.
These contributions depend on the properties of the filter radiometer to be calibrated and the
degree of mismatch of the experimental conditions of the calibration and the use of the trap
detector.

14



An example of an uncertainty budget is shown in the Table 1.
Table 1. Example uncertainty budget for the power responsivity of a trap detector.

Source of uncertainty 10° x relative standard uncertainty
G1 (radiant power measurement):

Electrical power measurements 5
Non-equivalence of electrical/optical power 10
Cavity absorptance 10
Window transmittance 18
Sensitivity of the radiometer 10
Repeatability 15
Total uncertainty of group G1 30
G2 (Detector calibration):

Stray radiation 20
Photocurrent 10
Wavelength 2
Distance and diameter effects 20
Total uncertainty of group G2 30
G3 (Interpolation/Fit):

Interpolation/fit of the spectral responsivity 200
Total uncertainty of group G3 200
G4 (Use of the detector under different

experimental conditions):

Spatial non-uniformity 40
Linearity correction 20
Temperature correction 10
Beam polarisation orientation 10
Temporal stability 20
Total uncertainty of group G4 51
Total 211

4.1.2 Amplification of a small photocurrent

Photocurrent amplifiers (current-to-voltage converters) are used both with the reference trap detector
and with the filter radiometer. The filter radiometers are typically calibrated at a single power level but
are used at several power levels with possibly quite large differences in the generated photocurrents. In
this case, the gain-to-gain linearity of the preamplifier must be known with stated uncertainties. These
separate current calibrations can be performed only if the detector and the preamplifier can be
separated from each other.

The gain accuracy in the operational amplifier circuits is primarily determined by the accuracy and the
temporal stability of the feedback resistors. Custom preamplifiers can be constructed with precision
feedback resistors exhibiting low temperature and voltage coefficients of resistance. The shunt
resistances of the detectors should be either measured or known so that the feedback resistances can be
kept below the shunt resistances under operational conditions.

15



The preamplifiers can be calibrated using a precision current source whose output has been calibrated.
These current sources can be calibrated using shunt resistors or by using a charging capacitor
technique. The current source is operated to output a known current, and the voltage output of the
preamplifier is measured using a calibrated voltmeter. This procedure can be repeated over the output
range of the preamplifier at interval steps. A linear function can be fitted to the voltage output with
changing input current to determine a single gain value and to determine the differences from linearity.

The uncertainties of the measurements include the uncertainties in the determination of the output
current value from the current source. The input current should be stable between the time of the
calibrations and the time of use. An additional source of uncertainty can arise from differences in the
output resistance of the current source and the feedback resistance of the preamplifier. An example of
such an uncertainty budget is shown in Table 2.

Table 2. Example uncertainty budget for the amplifier gain.

Uncertlain%l((:)o\r/r)'zonents Type Relative uncertainty (ppm)
Current measurement B 20
Short-term instability of input current A 6
Voltage measurement (HP DVM, 3458A) B 2
Output noise and drift (4 days) A 16
Loop gain A 2
Combined standard uncertainty of signal-gain, G,,, 26

4.1.3 Geometric propagation through a double aperture system

The geometric factor is defined by two apertures of known area, a known distance apart (Section 2.2).

4.1.3.1 Quality of the apertures and their area determination

To minimise the uncertainty associated with the two apertures, two things should be considered: the
quality of the apertures and how the aperture areas are determined. Optically, a knife-edge aperture is
ideal since it reduces scattering, but an aperture with a land (physical edge size) of 0.1 mm can be
measured using a contact method. Diamond-turned aluminium, copper, or aluminium-bronze apertures
have been found to have ideal properties for highly-accurate filter radiometry [10]. High-quality
apertures can also be made from nickel over brass bi-metal substrate using electrochemical etching
[11].

The aperture area can be determined using contact or non-contact methods. Typical stated
uncertainties for contact methods (in the determination of diameter) are ~0.1 um. However, there are
two reasons not to ‘believe’ these uncertainties for operational use. The first is the results of the
CCPR-S2 aperture comparison. As shown in Figure 6, the results did not agree within the
uncertainties. This comparison compared optical and contact methods for measuring aperture area, and
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there is a noticeable discrepancy. This suggests that uncertainties should be increased by at least a
factor of 3.
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Figure 6. Comparison result for aperture area (from CCPR-S2 report).

The second reason that these uncertainties are likely to be under-estimated is that the measured values
are based on calibrations of brand new apertures in the clean and very accurately temperature-
controlled environment of a length metrology laboratory. Apertures in operational use in an optical or
thermal laboratory (often with high-temperature graphite furnaces producing graphite dust) can often
have minor damage. It is important to ensure that apertures near a high-temperature furnace are also
temperature-controlled, for example by using a temperature-controlled aperture holder.

The geometric factor as used here is based on the radii of the two apertures. This makes an underlying
assumption that the apertures are perfectly round. In practice, aperture roundness can vary and so
needs to be determined during the measurements of diameter.

4.1.3.2 Alignment of the apertures

The calculation of the geometric factor assumes that the apertures are co-aligned. It is not
unreasonable to assume that they may be slightly misaligned relative to each other, say by ~2 mm at
300 mm separation. Consider Figure 7. The distance between the two apertures is the hypotenuse
d/cos@ . As irradiance drops according to the inverse square law, this means the irradiance of the

second aperture is reduced compared to the on-axis irradiance by cos®&. The second aperture has an
effective area in this direction of A,cos@ and the first aperture has an effective area of A cosé .
Combining all of this, the effective irradiance drops as cos*@. For d =300 mm and x=2 mm,

cos* @ = 0.999911 . Therefore, the uncertainty associated with the measured radiance due to possible
misalignment is < 0.009 %.

The apertures are aligned to be parallel with each other and perpendicular to the optical axis either by
back-reflecting a laser beam or by aligning the apertures to the faces of a gauge bar. If the laser
method is used, the angular uncertainty is approximately 0.0005 radians, which has a negligible effect
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on the effective area. If a gauge bar is used, an angular uncertainty of 0.01 radians is reasonable, which
leads to an uncertainty in the effective area of approximately 0.01 %.

- d >

Figure 7. Geometry for misaligned apertures.

4.1.3.3 Distance between the apertures

To determine the distance between the apertures, a gauge bar of known length can be placed in
between the two apertures and the apertures moved towards the bar, or a tubular vernier inside
micrometer with adjustable extension rods can be used so that the gauge just touch the faces. Care
must be taken not to damage the apertures when they are brought to touch the ends of the gauge bar.
For higher accuracy, interferometry can be used. Since the geometric factor varies with the square of
the distance between the apertures, lower uncertainties are achieved (for a given accuracy in the
distance measurement) when the distance between the apertures is increased [12, 13].

4.1.3.4 Uncertainty associated with the geometric factor

The geometric factor is given by Eq. (5). If we define the variables

p= (1 +d?) -4 (18)
and
a=r+r;+d*+p, (19)
then
_ 2y (20)
a

The sensitivity coefficients are given by:

a9 _ Arrr! I _ﬁ a-2r} 1)
or, a | «a p '
a9 _ 4z, _1_r_22 a-2r} 22)
o, a | «a p ’

and
2,2
o9 _ —Arrrd . (23)
ad af
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Thus, the uncertainty in g (in m? sr), given the uncertainties in the radii and distances (in m), is:

2 2 272
u(g):{[g—fu(q)j +(S—Su(rz)j +(2—3u(d)j } | (24)

Note that the uncertainty in each radius is likely to be half that in the corresponding diameter
measurement. For further calculation, it is useful to turn Eq. (24) into a relative uncertainty. This is
done by dividing it by the value of g:

urel(g):%' (25)

It should be noted that the area of an aperture and the diffraction from the aperture edge can change
with time. Damage to the edge of an aperture will affect both the area and the amount of light
diffracted from the edge.

Note that for both the irradiance method and the hybrid method of calibrating the filter radiometer, the
area of the filter radiometer’s aperture is taken into account in the irradiance responsivity
determination.

4.1.3.5 Variation for irradiance and hybrid approach calibrations

For the hybrid and irradiance calibration approaches, the significant apertures are those on the trap
detector and the additional aperture introduced (the lens aperture for the hybrid method or the source
aperture for the irradiance method). The aperture on the filter radiometer is also important, but its
absolute area does not need to be known with the same accuracy — although it is essential that it is
stable.

The irradiance of the monochromatic irradiance field is measured with the trap detector (with its
aperture). The irradiance responsivity of the filter radiometer, s ., is then determined by comparison

with that of the trap detector using:

ScaI,FR (A‘)

Se Fr (/1) = S (/1)
cal,trap

SCI),trap (ﬂ) A\rap ! (26)

where S, (1) is the signal on the filter radiometer during calibration, S (A) is the signal on the

cal,trap

trap detector, and s, .,(1)A,, =Sew(4) is the irradiance responsivity of the trap detector,

determined from the flux responsivity s, ,,,(4) and the trap aperture area A, .

D, trap

When the filter radiometer is used, then the radiance responsivity is required, as in Eq. (9) or Eq. (10).
The overall geometric term in combining Eqg. (26) and Eqg. (10) is
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With the terms « and £ as defined in Egs (18) and (19), the equivalent of Eq. (24) is:

4.1.3.6 Uncertainties
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Table 3 gives the normal and best uncertainties associated with the calculation of the geometric factor.

Table 3. Uncertainties associated with the calculation of the geometric factor.

Standard uncertainty Sen_3|.t|V|ty Relative standard
. . coefficient for R
Quantity (relative, % or relative uncert_alnty in Comments
absolute) radiance radiance
Normal Best Normal Best

Aperture 1um 0.5 um Egs. (20) and 0.02 % 0.01 % Relative uncertainty in

radius (radius) (radius) (21) radiance based here on
3mmand 5 mm
apertures, 500 mm apart.

Distance 0.25mm | 10 ym Eqg. (22) 0.1% 0.004 % | Relative uncertainty
depends on absolute
distance and aperture
areas.

Aperture 0.01% 0.0001 % 1 0.01 % 0.0001 %

co-

alignment

Aperture 0.01 % Negligible | 1 0.01 % 0

angular

alignment

Aperture 0.06 um | 0.02 um Egs. (20) and 0.004% | 0.001 % | Relative uncertainty in

non- (radius) | (radius) (21) radiance based here on

roundness 3mmand 5 mm
apertures, 500 mm apart.

Aperture 0.02 % Negligible | 1 0.02 % 0 From potential damage

changes (area) and thermal expansion.

since

calibration
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4.1.4 Wavelength scale

The filters in a filter radiometer are used to select a specific spectral region for the measurements of
the blackbody radiances. Tuneable lasers or broadband sources with monochromators are used to
determine either the relative or the absolute spectral responsivities of filter radiometers, and the
wavelength uncertainties of these sources must be determined. If the wavelengths of the spectral
responsivity determinations are in error, then, due to the spectral dependence of the Planck function,
the calculated temperatures will also be in error.

Laser-based methods rely upon wavemeters to determine the wavelengths of the laser radiation. These
wavemeters use interferometers with an internal laser that acts as a reference to determine the
wavelength of the radiation. Wavemeters have the lowest uncertainties in the wavelength assignments
but can only be used with coherent radiation, such as that from a laser.

Monochromators, which use gratings or prisms, are calibrated for their wavelength scales using a set
of low-pressure atomic emission lamps. Atomic emission sources, such as Hg, Ne, Ar, Kr, and others,
are used to generate a sufficient number of known spectral peaks. The wavelengths at which these
atomic emission transitions occur are well known and published in atomic-transition databases. The
uncertainty of these transition assignments is about 0.01 pm [7]. For the calibration of
monochromators, these emission lamps should be placed in integrating spheres so that an angularly-
and spatially-uniform radiation can be input into the monochromator. The radiation from the
integrating sphere must fill both the fore optics and the internal optics of the monochromator. Care
should also be taken to place the exit of the integrating sphere source at the position of the lamp or the
broadband source that is typically used to illuminate the monochromator. If the emission source is
shifted from the position of the broadband source, the wavelength calibration will be shifted due to the
different angular position of the atomic emission source as compared to that of the broadband source.

The angular positions of the grating or prism disperser can be measured using an optical rotary
encoder attached to the shaft of the threaded rod or, preferably, an angular encoder. The spectral peak
position is determined using the centroid calculated from the measured spectral signal. The centroid
can shift depending on the wavelength extent over which the summation is performed. A symmetric
wavelength interval should be chosen for the summation range for the centroid calculations.

The wavelength accuracy of monochromators can be improved by using a piece-wise polynomial fit,
which minimises the residuals of the fit. The order of the polynomial can be increased until the
residuals from the fit do not decrease in substantive ways.

The uncertainties of the wavelength calibrations are determined from the standard deviation of the
residuals of the polynomial fitting function from the actual atomic emission line wavelength
assignments. The wavelength accuracies can be further checked using a spectrograph that has also
been calibrated for wavelength measurements.

The laser-based method, where the laser wavelengths are determined using a wavemeter, will not
require any corrections. Table 4 gives the normal and best uncertainties for monochromator and laser-
based measurement systems.

Table 4. Uncertainties in wavelengths measured using both laser-based and monochromator-based systems.

21



Quantity Standard uncertainty
Normal Best
Laser wavelengths 3.0 pm 0.1 pm
Monochromator
wavelengths 100 pm 20 pm

4.1.5 Out-of-band radiation

Out-of-band (OOB) suppression of radiation is more critical for thermodynamic temperature
measurements than for measurements under ITS-90. This is because under ITS-90 the ratio of the
radiances of two blackbodies is measured and the OOB error for each measurement partially cancels.
However, for thermodynamic measurement, the filter radiometer is calibrated using an integrating
sphere that is illuminated using a monochromatic source. In this case, the radiance of the integrating
sphere is compared to the radiance of a blackbody. OOB radiation will cause the response of the filter
radiometer in front of the blackbody to be higher than expected, because the radiance of a blackbody is
integrated over the full bandwidth of the detector, which is not the case during calibration with the
monochromatic source. The transmittance in the far wings of the spectral responsivity should,
therefore, be evaluated to estimate the OOB correction.

Unaccounted-for OOB transmittance causes the measured signal to be higher than expected by the
factor K,z (see Eq. (12)), given by

M w
[S(L(A,T)dA+ [s(A)L,(4,T)dA
2

Koog =1+~

00B

A
[s(L,(.TydA
8 (29)
s(1)L,(4,T)dA

B ey O ——y 8

s(A)L, (4, T)dA

where 4, and A, are the practical wavelength limits over which the integral in Eq. (13) is evaluated.

To avoid OOB corrections, the requirements for OOB suppression depend on the centre wavelength of
the spectral responsivity function and the spectral bandpass. The OOB analysis given here is for a
filter radiometer with a spectral filter centred at 650 nm and a spectral bandwidth of 10 nm used with a
Si detector, which is a common configuration used in national metrology institutes (NMIs). Note that
the OOB analysis can be carried out using relative spectral responsivities.

A spectral filter should be measured separately prior to its incorporation into a radiometer, to
determine whether its OOB suppression is sufficient. Depending on the filter radiometer design,
possible radiation leakage around the filter could be perceived as OOB radiation even though the light
path does not go directly through the filter. A comparison of the expected component-wise
responsivity and the actual spectral responsivity of the filter radiometer as a whole is helpful in
assessing any possible light leakage in the filter radiometer.
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Measurements of the OOB response of spectral responsivities to high optical densities are difficult to
perform using traditional monochromator and lamp sources because of their low power outputs, and
measurements of filter response to optical densities higher than 5 (OD5) using commercial
spectrophotometers are challenging. Some filter manufacturers have recently started offering better
than OD6 OOB suppression [14]. Custom-designed transmittance setups using high-power
supercontinuum lasers and monochromators have led to OOB measurements down to OD8 [15] and
even OD11 [16].

The temperature error, AT, resulting from uncorrected OOB radiation can be calculated as

nA,T?
ATz(KOOB—l)A; | (30)
2

where 4, is the mean wavelength of the filter radiometer’s spectral responsivity, and the
monochromatic and Wien’s approximations have been used. Assuming a filter radiometer consisting
of a 10 nm bandwidth rectangular spectral filter centred at 650 nm, with a Si photodiode that is
sensitive to radiation within its entire spectral range from 200 nm to 1100 nm, Eq. (29) can be used to
calculate the value of K. The worst case is when the OOB radiation is flat across the entire spectral

range, in which case the value of K., —1 at 1300 K is given by 1136x107°° and at 3000 K is given

by 76.51x107°°, where OD is the optical density value of the filter. This gives rise to temperature
errors, given by Eqg. (30), of 86700x10™°° K at 1300 K and 31106x10°° at 3000 K (e.g.,
temperature errors of 0.87 K and 0.31 K, respectively, for a filter with OOB suppression of OD5).
Thus, OOB suppression beyond OD7 will result in errors less than about 9 mK at 1300 K and about
3 mK at 3000 K.

An alternative method to determine the OOB correction is to use a notch filter to cut out the in-band
signal of the filter radiometer. The value of K,,; can then be determined by measuring the filter

radiometer signal, S, with and without the notch filter in place:

S

~ with notch filter
oos ®1+ S - (31)

K

without notch filter

This method relies on high transmittance of the notch filter outside the notch region and low
transmittance inside. Corrections to Eq. (31) can be made if these transmittances are known.

4.1.6 Stray light

Stray light is defined as detected photons that do not propagate along a straight line from the source to
the radiometer. Optical diffusion by the molecules of the atmosphere is neglected here, and stray light
is considered to originate only from optical diffusion of the source used to illuminate the radiometer.
Stray light causes the detected flux, ®(d), to differ from that given by Eq. (6); note the explicit
dependence here of @ on the distance, d, between the source and detector apertures. The stray detected
flux, @ (d), may be defined as:

stray

Dy, (d) = P(d) = Dy(d) (32)
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where @, (d) is the stray-light-free flux given by Eq. (6):

@, (d) = g7, (33)
where L, is the radiance of the source.

In the absence of stray light, the detected flux is given by ®(d)=®d,(d). At the other extreme, the

stray light would be maximised if the optical beam were enclosed within a perfect light pipe. In this
case, the detected flux would be constant and independent of d. The real situation will be somewhere
between these two extremes, and we can propose that the stray light is approximately inversely
proportional to d:

Dy, (d) ~ kdgrly, (34)

where k is a constant (note that the geometric factor, g, given by Eq. (5), is approximately inversely
proportional to d* when the aperture separation is much greater than the radii of the two apertures).

Equation (32) can be converted to the filter radiometer signal (as in Eq. (13)):

S(d) =Sp(d) + Sy (d), (35)

where S(d) is the total measured signal as a function of distance, S,(d) is the stray-light-free

component of the signal, and S, (d) is the component of the signal corresponding to the stray light.

stray

Using Egs (33) and (34), Eq. (35), after dividing both sides by g, can be written

S0 _ %) g yg), (36)

g9 9

Note that the quantity S,(d)/g is independent of d, so fitting a straight line to the measured signal
divided by g as a function of distance allows S, and k to be evaluated from the intercept and slope,

respectively. The correction factor for stray light, K__ (see Eq. (12)), is given by:

stray

K. =1+kd, (37)

stray

where d is the distance used for the blackbody temperature measurement.

The uncertainty in the value of k can be determined using the standard formulae for straight-line
fitting, and depends on the sampling of the distance d:

U2 (k) ~ u(S() 2+ uo)| ! (38)
S(d) g N (Y
Se- (3]

i=1
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where the distance has been sampled at N values, d,, and it has been assumed that the uncertainty
u(S(d)/ g) is the same for each measurement and the uncertainties in the distance measurements are

negligible. Thus, the relative uncertainty in the stray-light correction factor, K, , is

2 22
U(Kstray) _ d K
Ky {(u kd u(k)j +(1+ kd u(d)j } ' (39)

4.1.7 Diffraction and aperture scatter

Diffraction effects at the apertures lead to a deviation ¢ between the measured radiation flux, @, and
the flux calculated by means of geometrical optics, @, "
Dy = (1+8) Dy - (40)

Generally, the deviation & is small for a large ratio of aperture diameter to wavelength [17], but can
have a positive or negative sign. For typical experimental setups in radiometry, where the radiation
overfills the aperture, & becomes positive and is generally << 1.

For the different calibration approaches, diffraction will be considered in different places:

e For the power method, diffraction is significant for the apertures used during the blackbody
measurement.

o For the irradiance method, diffraction is significant for the apertures used during the
blackbody measurement.

e For the hybrid method, diffraction effects are part of the absolute SSE and are not considered
separately.

e For the radiance method, diffraction is significant for the apertures used with the trap detector
for calibration. Diffraction in the filter radiometer is part of the relative SSE and is not
considered separately.

Diffraction occurs for both of the two apertures that define the optical geometry. As both effects are
small, they can be treated independently, and the two corrections add to give:

0.

aperture,1+2 =

0.

aperture,1

+0,

perture.2 (41)
Hence, the following two cases can be treated separately:
1. Diffraction at the filter radiometer’s aperture: the furnace aperture acts as a source and the
photodiode as an under-filled detector.
2. Diffraction at the furnace aperture: the opening of the blackbody radiator acts as a source and
the filter radiometer aperture as an over-filled detector.
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Invoking the reciprocity theorem of Kirchhoff, the deviation due to diffraction does not change if the
source and detector are exchanged. Therefore, the two cases can be treated as equivalent. References
[18, 19] give both exact solutions and approximations for this diffraction problem.

For a blackbody source, the diffraction correction must be calculated for all wavelengths measured.
The radiometers typically used only have a small bandpass of 10 nm to 20 nm. The diffraction
correction & is inversely proportional to the wavelength and varies little across the bandpass. For
simplification, often only the centre wavelength of the interference filter is used in the calculation of
the correction. While a furnace aperture diameter of 20 mm is typically used for the standard
measurement of a high-temperature blackbody’s temperature using a filter radiometer, a large eutectic
fixed-point cell with 8 mm cavity diameter requires a furnace aperture of 3 mm in diameter, which
results in a considerably larger diffraction effect because of the smaller furnace aperture.

By changing the distance between the two apertures, the chosen approximation for the diffraction
correction can be experimentally tested and an uncertainty of the correction can be deduced. This has
been found to be of the order of 2 x 10°*,

4.2 Sources of Uncertainty Specific to the Calibration Scheme
4.2.1 Power approach

In order to measure temperature using a filter radiometer (FR) calibrated via the power method, two
steps are required. First, the power responsivity of the FR needs to be determined. Then, the
measurement geometry is defined using two apertures of known areas and known separation (see
Figure 1).

To calibrate the absolute spectral responsivity of a filter radiometer using the power method, a beam
of quasi-monochromatic radiation under-fills the FR aperture and a transfer detector (trap or single
element) is used as a reference. The transfer detector will have had its spectral responsivity calibrated
with respect to an absolute standard (cryogenic radiometer or other absolutely-calibrated detector).
Typically, a monochromator is used to provide the quasi-monochromatic beam and mirrors are used to
image the monochromator’s output slits onto the FR and the transfer detector. The transfer detector is
used to measure the power in the beam and then the FR is moved into place in front of the beam and
its output is measured. The monochromator wavelength is changed, and the measurements are
repeated until the wavelength range of the FR has been measured (see Figure 8).
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Figure 8. Calibration and use setups for the power method.

With the power responsivity known, apertures can be added to the system to enable the radiance
measurement to be made, which can then be converted to temperature. Equation (13) can be solved
iteratively to obtain the temperature, with the radiance responsivity defined by Eq. (8).

Additionally, it is necessary to know or verify the uniformity of the FR and transfer detector since the
calibration geometry is different from the in-use measurement geometry. This can be done by rastering
a focused beam across the entrance aperture of the FR. Boivin [20] has described this method for trap-
and single-element Si detectors and found a uniformity of 0.05 %. For a filter radiometer it is also
important that the filter is uniform.

4.2.1.1 Sources of uncertainty for the power method

The common sources of uncertainty, described in Section 4.1, apply to the power method as follows:

e The uncertainty in the power responsivity of the trap detector impacts directly on the
uncertainty in the power responsivity of the filter radiometer.

e The uncertainty in the gain of the transimpedance amplifiers must be considered for the trap
amplifier during calibration and, if a different gain is used for calibration and use of the filter
radiometer because of different signal levels, for the filter radiometer as well.

e The geometric factor is derived from the two apertures added to the system for measuring a
blackbody. The uncertainty analysis follows that described in Section 4.1.3.4, and the
uncertainty in the geometric factor is given by Eq. (24).

e The wavelength scale is based on the monochromator used to provide the quasi-
monochromatic beam.

e Qut-of-band transmittance must be considered, as described in Section 4.1.5.

o Stray light is relatively straightforward to control during calibration because the
monochromator provides a beam of radiation.

In addition, it is necessary to consider:
e The uncertainty associated with the uniformity of the filter radiometer and the average
response over the area illuminated by the calibration beam and the area of the aperture used.
¢ Diffraction at the apertures during the blackbody measurement.

4.2.2 Irradiance approach

The spectral irradiance responsivity of the filter radiometer with mounted aperture is determined with
a calibrated trap detector together with a calibrated entrance aperture defining the effective area of the
trap detector. The spectral irradiance responsivity can be determined with a monochromator-based
[5, 6] or a laser-based [3, 21] system. During use, an additional aperture is added in front of the
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blackbody to define the solid angle necessary to convert from irradiance to radiance (see Figure 2).
Absolute primary thermometry from the Zn point upwards has been performed by this method
[22-26]. However, diffraction losses increase drastically for a decreasing diameter of the furnace
aperture, so the method has been adapted, as in the hybrid method below, for determining the
temperature of small sources (e.g., high-temperature fixed points (HTFPs)) [27-29].

4.2.2.1 Sources of uncertainty for the irradiance method

The common sources of uncertainty, described in Section 4.1, apply to the irradiance method as
follows:

e The uncertainty in the power responsivity of the trap detector impacts directly on the
uncertainty in the irradiance responsivity of the filter radiometer.

e The uncertainty in the gain of the transimpedance amplifiers must be considered for the trap
amplifier during calibration and, if a different gain is used for calibration and use of the filter
radiometer because of different signal levels, for the filter radiometer as well.

e The geometric factor is derived from the filter radiometer and the aperture added to the system
for measuring a blackbody. However, because the radiometer is calibrated for irradiance
responsivity, the aperture on the trap detector is more significant than that on the filter
radiometer. The uncertainty analysis follows that described in Section 4.1.3.5, and the
uncertainty in the geometric factor is given by Eqg. (28).

e The wavelength scale is based on the monochromator or laser used to provide the irradiance
field used in the calibration.

e Out-of-band transmittance must be considered, as described in Section 4.1.5.

e The significance of stray light in the calibration depends on the method used to generate the
irradiance field.

In addition, it is necessary to consider:

e The uncertainty associated with the uniformity of the irradiance field used and the relative
sizes of the filter radiometer and trap apertures (and how much they are aligned in the same
position within that irradiance field).

o Diffraction at the apertures during the blackbody measurement.

4.2.3 Hybrid approach

The irradiance approach can be applied to smaller blackbody cavities by introducing a single lens to
create the hybrid method [30]. The calibration is usually performed “in parts”, with the irradiance
responsivity of the filter radiometer determined as above, and the transmittance of the lens determined
separately [3, 31]. Again, an additional aperture is added to the lens to form the geometric system for
radiance (see Figure 3). Formally, the method can be considered equivalent to the irradiance method
above, but is capable of measuring sources with small apertures. Note that here it is important that the
irradiance field is formed by a light source converging with the same geometry as the lens provides —
this ensures that the filter is illuminated with the same range of angles in calibration and use. Usually
this is achieved by imaging a source, e.g., a laser-illuminated integrating sphere, using the same lens
system.
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The calibration process assumes that the same irradiance is measured by the trap detector and filter
radiometer. This relies on the spatial uniformity of the source and any differences, or potential
differences, in the sizes of the two apertures and their position within the uniform irradiance field. The
source also needs to be stable between the trap measurement and the filter radiometer measurement.
Angular uniformity is less critical, although it is important that the irradiance field matches the
geometry that will be used for measurements with the lens so that the filter is illuminated with the
same range of angles.

Generally, the irradiance field is created by imaging a small aperture on an integrating sphere. There is
usually a compromise to be made, where a larger integrating sphere will create a more spatially
uniform image but will have a lower irradiance level for the same input laser power, and this will
make the signal more noisy and limit how far into the wings of the filter radiometer spectral
responsivity measurements can be made.

With a hybrid-mode calibration, with the irradiance field created by imaging a sphere exit port, stray
light can generally be very well limited by placing the imaging lens in a large baffle screen. After the
lens, the main light is well controlled and unlikely to scatter. Dark readings can be taken by closing the
lens. The hybrid-mode calibration, therefore, has very low sensitivity to stray light.

The lens transmittance of a simple uncoated lens can be reasonably predicted from the Fresnel
equations. More accurate results can be obtained [31] by treating the Fresnel prediction as a relative
spectral transmittance and making measurements at a single wavelength to provide an absolute
scaling.

In most applications, the size-of-source effect (see Section 6.1.2) is a relative effect: the instrument is
sensitive to the difference in the size (and lateral uniformity) of the test and reference sources. For the
hybrid method it is an absolute effect. Because the filter radiometer is calibrated without a lens, there
is no reference source size?, and what matters is the absolute size-of-source effect, i.e., the difference
when viewing the test source compared to an infinite uniform source. This is difficult to estimate, and
it is even more difficult to estimate an uncertainty for it, although for a hybrid-mode calibration this is
often the dominant uncertainty. It is necessary to make SSE characteristic measurements out to
sufficiently large sources that the SSE characteristic of the instrument flattens off.

One solution [32], which avoids the use of an absolute SSE, is to calibrate the lens transmittance and
SSE simultaneously by making measurements of a large-aperture radiance source both with and
without the lens. If the SSE and lens transmittance are determined separately, they have typical normal
standard uncertainties of 0.06 % and 0.04 %, respectively [30]. If they are measured together then
smaller standard uncertainties are achievable [32].

4.2.3.1 Sources of uncertainty for the hybrid method

The common sources of uncertainty, described in Section 4.1, apply to the hybrid method as follows:
e The uncertainty in the power responsivity of the trap detector impacts directly on the
uncertainty in the irradiance responsivity of the filter radiometer.

% Note, that a lens may be used in creating the irradiance source for the calibration. But since both the trap
detector and filter radiometer are on the same side of that lens, any SSE is cancelled in calibration.
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e The uncertainty in the gain of the transimpedance amplifiers must be considered for the trap
amplifier during calibration and, if a different gain is used for calibration and use of the filter
radiometer because of different signal levels, for the filter radiometer as well.

e The geometric factor is derived from the filter radiometer and the lens apertures. However,
because the radiometer is calibrated for irradiance responsivity, the aperture on the trap
detector is more significant than that on the filter radiometer. The uncertainty analysis follows
that described in Section 4.1.3.5, and the uncertainty in the geometric factor is given by
Eqg. (28).

e The wavelength scale is based on the laser used to provide the irradiance field.

e Qut-of-band transmittance must be considered, as described in Section 4.1.5.

e Stray light is relatively straightforward to control during calibration because the lens used to
obtain the same geometry for calibration and filter radiometer use controls the direction of
radiation.

In addition, it is necessary to consider:

e The uncertainty associated with the uniformity of the irradiance field and the relative sizes of
the filter radiometer and trap apertures (and how much they are aligned in the same position
within that irradiance field).

e The calibration of the transmittance of the lens.

e The absolute SSE.

4.2.4 Radiance approach

An appropriately designed imaging radiometer can be calibrated in absolute mode as a radiance-mode
filter radiometer. The more complex optical system of the thermometer (e.g., several lenses and
appropriate baffling) can lead to an extremely low size-of-source effect [33-35].

The calibration of such a system is by comparison with a source of known radiance, as shown in
Figure 4. The instrument can then be used to determine the blackbody radiance directly. Examples of
the method can be found in [34-36]. Briefly, the radiation thermometer is calibrated against a
cryogenic radiometer by the use of silicon trap detectors that are calibrated for power responsivity at
selected wavelengths. The full responsivity is then determined by interpolation. The spatial uniformity
of the trap detector is utilised to obtain the irradiance responsivity from the power responsivity in
conjunction with a precision aperture. If the geometric parameters, such as the aperture area and the
distance between the integrating sphere and the trap detector, are known, then the spectral irradiance
of the sphere source can be assigned. If the area of the precision aperture on the integrating sphere is
known, then the spectral radiance of the sphere can be determined. Radiation thermometers are
calibrated as a system without separately measuring the transmittance of the lenses and characteristics
of the components. The calibrations are performed at many different wavelengths with stabilised
lasers.

The common sources of uncertainty, described in Section 4.1, apply to the radiance method as follows:
e The uncertainty in the power responsivity of the trap detector impacts directly on the
uncertainty in the radiance responsivity of the filter radiometer.
e The uncertainty in the gain of the transimpedance amplifiers must be considered for the trap
amplifier during calibration and, if a different gain is used for calibration and use of the filter
radiometer because of different signal levels, for the filter radiometer as well.
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The geometric factor is derived from the two apertures added to the trap detector and the
integrating sphere for measuring the monochromatic radiance source. The uncertainty analysis
follows that described in Section 4.1.3.4, and the uncertainty in the geometric factor is given
by Eq. (24).

The wavelength scale is based on the laser used to illuminate the radiance source.

Out-of-band transmittance must be considered, as described in Section 4.1.5.

Stray light can be challenging to control, especially if the first aperture is mounted on the
integrating sphere.

In addition, it is necessary to consider:

The uncertainty associated with the uniformity of the integrating sphere — both spatial and
angular uniformity.

Diffraction at the apertures used to measure the integrating sphere. This is reduced when the
first aperture is closer to the integrating sphere (but in turn this increases stray light).
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5. Other Characteristics of the Filter Radiometer

5.1 Spectral Selection and Filtering

The spectral selection for the filter radiometer can be made with interference filters, with glass filters,
or with a monochromator (prism or grating). There are uncertainties associated with both the
calibration and use of the filter radiometer that depend on the chosen filtering approach.

5.1.1 Glass and interference filters

Interference filters applied as wavelength selecting elements in filter radiometers are susceptible to
changes in their spectral transmittance properties (i.e., the centre wavelength and the integrated
transmittance), mainly due to modifications of the optical pathlengths within the constituent dielectric
material thin layers [37]. These modifications have their origin in filter temperature changes, angular
incidence dependence, water vapour absorption, and irreversible changes due to ageing.

For the assessment of the uncertainty contributions due to these effects, Eq. (13) in Section 2.5 is used:
S= KTs(/l)Lb(/l,T)d,l. (42)
0
For filter radiometers with narrowband interference filters, S can be approximated as:
S~ KLb(AO,T)Ts(/l)d/l =KL, (4, T)],, (43)
0
where | is the integrated spectral responsivity and 4, is the mean wavelength according to:

]‘Oxls(/i)dﬂ

A=
[s(2)da

0

(44)

When the spectral responsivity is symmetric, 4, is equal to the centre wavelength.

5.1.1.1 Sensitivity to temperature

Typically [1], with increasing temperature, the mean wavelength of an interference filter is shifted
towards longer wavelengths whilst the integrated transmittance |, decreases (see Table 5). When

considered as a unit with a silicon photodiode detector (i.e., a filter radiometer) and operated close to
the bandgap wavelength range of the detector, the temperature coefficient of the integrated spectral
responsivity is dominated by the temperature coefficient of the detector (see Table 6).
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Table 5. Change in integrated transmittance, I, and mean wavelength, A,, per temperature change for a range

of interference filters.

Interference Filter

(Al /1)/AT (K™

A /AT (pm-K™)

IF450 -34x10" 15
IF500 -3.1x10* 17
IF650 -43x10" 20
IF800 -79x10° 26
IF900 -9.0x10° 27

Table 6. As for Table 5, but including the temperature coefficient of a silicon photodiode (i.e., for a complete

filter radiometer).

Filter Radiometer

(AL/1)/AT (K™

A2y /AT (pm-K™)

FR800 28x10* 33
FR900 0.2x10* 30
FR1000 13.5x 10 35

Under the assumption that Wien’s approximation to Planck’s law can be applied (VIS/NIR spectral
range), when measuring a blackbody at the temperature T, the change, AT, in the measured
temperature due to a filter/detector temperature-change-caused centre wavelength shift A4, is equal
to:

o [5NAT
AT~/10(5 N 1JA/10. (45)

The associated uncertainty can then be calculated by assuming that the interference filter/detector
temperature can be controlled within £200 mK (normal) or £50 mK (best). Extensive details on how
uncertainties in the properties of the filter radiometer’s spectral responsivity propagate to the measured
temperature are given in Appendices A and B.

5.1.1.2 Sensitivity to angle of incidence

As the transmittance and the centre wavelength of an interference filter change with the angle of
incidence of the optical radiation, and, in general, the beam geometry during calibration (e.g.,
collimated) is different from that during the application (e.g., divergent/convergent), these changes
must be taken into account in the uncertainty budget. For incident angles, 6, smaller than 20°, the
centre wavelength change, A4,, can be expressed as [38]:
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A==l (46)
2 flegy
where L is the “effective refractive index” of the interference filter. Equation (45) can be used to
convert this to a change in measured temperature.

5.1.1.3 Stability/Ageing

The stability of interference filters with respect to observed ageing effects, in terms of the shift of the
centre wavelength and modifications of the spectral transmittance, has its origin in:

o modifications of the structure of the dielectric thin film layers [39];

e absorption of water (moisture) by the dielectric thin film layers [40];

e contamination of the interference filter’s outer surfaces.

The first effect can be ascribed to crystal growth in the (initially amorphous) deposited thin film
dielectric layers. This time-dependent irreversible process causes a change of the refractive index and,
hence, a shift of the centre wavelength towards longer wavelengths. The magnitude of the wavelength
shift, which can be up to 1% of the centre wavelength, depends on the thermal history (i.e., the
substrate temperature during the manufacturing process of the interference filter). By choosing an
adequate substrate temperature (> 130 °C) during the thin film deposition process, and/or if the
interference filter undergoes a subsequent heat treatment (~90 °C), the wavelength shift can be
minimised [39]. Considering that interference filter technology has evolved, especially in terms of
process control, and that the timescale of the described effect is of the order of tens of hours, the
wavelength shift due to a crystallization process within the dielectric thin film layers can be neglected
when assessing the mid- and long-term stability.

Due to the “sponge-like” fractal structure of the deposited thin film dielectric layers, the layers have a
10 % to 20 % (depending on the layer material) void space porosity, which makes them susceptible to
the absorption of water. By absorbing moisture, the refractive index increases and consequently the
centre wavelength is shifted towards longer wavelengths. Under the assumption that this process is
reversible, it has been shown [40] that if interference filters previously exposed to environmental
humidity undergo a thermal treatment (heating up to 70 °C), the water can be removed from the pores
of the layers. This leads to a decrease of the refractive index and, consequently, the centre wavelength
will shift back towards shorter wavelengths. Depending on the layer materials, the magnitude of the
observed wavelength shift varies from 0.1 % to 0.5 % of the centre wavelength. If the interference
filter is sealed against environmental humidity, the observed wavelength shift is considerably lower
(< 0.01 % of the centre wavelength).

A different way to assess the stability of interference filters was followed in [41], and comprised an
analysis of the calibration history of four different filter radiometers (FR) equipped with sealed,
narrowband interference filters (centre wavelengths at 677 nm, 802 nm, 903 nm, and 1003 nm,
FWHM: 14 nm to 24 nm) in terms of the temporal change of the centre wavelength and the integrated
spectral responsivity over a period of approximately 8 years. Over this period, the FRs were routinely
used to measure the thermodynamic temperature of blackbodies in the temperature range from
1000 °C to 3000 °C. When not being used, the FRs were kept under cleanroom conditions but not
under humidity-controlled conditions; i.e., they were exposed to the seasonal humidity variation of the
laboratory. For the period investigated, all the FRs displayed a linear shift of the centre wavelength
towards longer wavelengths, ranging from 0.038 nm per year to 0.067 nm per year, corresponding to a
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maximum relative wavelength change of 0.01 % per year. Except for one FR, the integrated spectral
responsivity over the bandpass of all the FRs did not change significantly; the relative changes
observed in the assessed time interval were within the uncertainty of the calibration. For the FR with
the centre wavelength at 677 nm, a sudden relative drop of 2 x 102 in the integrated spectral
responsivity was observed. After cleaning of the interference filter, the integrated responsivity
returned to the previous value, revealing contamination as the origin of the observed effect.

5.1.1.4 Fluorescence

Depending on the type of filter glass selected as the substrate in the interference filter, and on the
spectral distribution of the radiation source the interference filter is exposed to during its application,
the interference filter can display a significant fluorescence effect originating from the glass substrate
and/or the optical cement. Although glass manufacturers specify in their catalogues whether the filter
glasses are (non-)fluorescent, except for custom-made interference filters, details on the internal
glass/optical cement setup of interference filters are not always available from the filter manufacturer.
If fluorescence is suspected, that is if an apparent increasing transmittance towards shorter
wavelengths is observed during the filter characterisation, special experimental care must be taken
when these interference filters are applied in conjunction with high-temperature blackbodies.
Generally, there is no analytical correction possible, but several (experimental) solutions have been
presented to minimise the problem [42]. The most accessible solution from the radiation thermometry
point of view is the following: because the fluorescent radiation is emitted in all directions,
independently of the (directional) incoming radiation from the source, a careful design of the detector
optical layout (i.e., the position of the interference filter) can minimise the contribution of fluorescence
to the detector signal.

5.1.2 Monochromator-based filtering

The spectral selection can be achieved by a monochromator. The advantages of a monochromator are
that it offers the possibility of adapting to the spectral range in which a monochromatic source (laser)
is available, and the ease of the wavelength calibration using spectral lamps if multiple laser
wavelengths are not accessible. The disadvantages are mainly the poor stability, the out-of-band stray
light, and the large dimensions and weight, which make it difficult to transport.

Radiance comparators based on monochromators can be absolutely calibrated against a reference trap
detector (with the necessary apertures of known area and distance, forming an ensemble called a
“radiance meter” or “spectroradiometer”), but this calibration may not be valid for long periods due to
insufficient stability of the monochromator. The radiance measurement would, therefore, become part
of the measurement scheme in all cases. This method was applied in the past to the measurement of
the thermodynamic temperature of the fixed point of copper [3, 4]. It is a direct radiance measurement
method using a tuneable laser associated with an integrating sphere as a monochromatic source with a
Lambertian distribution of the radiation.

The determination of the spectral responsivity of the monochromator with the corresponding slits (in
other words, the slit function) is a major part of the measurement process.

5.1.2.1 Slit scattering function

The spectral responsivity of the spectroradiometer depends on the orientation of its optical grating via
its slit scattering function Ry, (4 —A44), wWhere the effective wavelength A is defined by averaging

35



the slit scattering function distribution, R(4), weighted by the wavelength (i.e., A, is the mean
wavelength of the slit function):

]E/iR(/i)d/i
zeff =2 (47)

TR(ﬂ)d}t |

Because the spectral width of the slit scattering function of the monochromator is typically narrow (a
few nm), the optical responsivity, R, (1), of the monochromator should not vary significantly

throughout the bandwidth. Within this approximation, one can write the spectral responsivity of the
spectroradiometer as a product of the slit scattering function of the monochromator multiplied by a
smooth optical responsivity:

R(/li ﬂ’eﬁ ) = Rslit (ﬂ“ - ﬁ“eff ) Ropt (ﬂ’) . (48)

The slit scattering function of the spectroradiometer R, (4 —Ay) is recorded with a laser of radiance

Lisser () = Ly (Ao )JO(A — A ) » Where 4, is the laser wavelength (in air) and o is the Dirac delta
function, and can be defined as a function of the voltage delivered by the spectroradiometer:

UI r (11 r A ff )
lit \"Maser — ﬂeff = —=8 e . ) 49
Ryie (4 ) L) (49)

where U, (. — 4 ) 1S the voltage delivered by the spectroradiometer viewing the laser source
tuned to A and with intensity 1,(4) :

IO (ﬂ1aser) = JU laser (j1aser _ﬂ’eff )dﬂ’eff : (50)

With this definition, the slit scattering function of the spectroradiometer has a unit integral over optical
wavelengths.
5.1.2.2 Optical responsivity

From the definition of the slit scattering function, one can express the optical responsivity, R, (4.) .

of the spectroradiometer calibrated with the integrating sphere radiance at the laser wavelength:

I 0 (A'Iaser)
R = 0\ Maser /. 51
- (//Llaser) L() (ﬂ'laser ) ( )

The optical responsivity of the spectroradiometer (see Figure 9) is then extrapolated to another
wavelength A using an I1TS-90 fixed-point blackbody of known temperature (e.g., copper, at
Tgo = 1357.77 K):
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Ropt (/1) — Lb(ﬂiaserlT) Ub(l!T) Io(ﬂ'laser) (52)

Lb(ﬂ“’T) Ub(ﬂ'laser'T) Lo(ﬂ'laser)

The spectral responsivity of the spectroradiometer can be fully expressed from the measurement
variables:

Ulaser(ﬂ’_ﬂ'eff) Lb(ﬂ'laser’T) Ub(/l'T)
Lo(ﬂ'laser) Lb(ﬂ’lT) Ub(ﬂ'laseriT).

R(4, Aer) = (53)

This relative method used to calibrate the optical responsivity of the spectroradiometer is not critical
as the determination of the thermodynamic temperature of the blackbody is performed at the laser

wavelength. In these conditions, R(Aes Asser) = Ysaser (0)/ Lo (Praser ) -
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Figure 9. Optical responsivity of a spectroradiometer.

5.1.2.3 QOut-of-band stray light

The Czerny Turner monochromator is subject to stray light outside its narrow detection bandwidth.
While the optical diffusion level remains negligible (about a few parts in 10°), its summation over the
full visible spectrum range represents a non-negligible fraction (about one part in 10%) of the detected
optical power. The out-of-band stray light correction depends on the temperature, T, of the blackbody,
and on the measurement wavelength, A , selected by the spectroradiometer. The out-of-band stray

light can be defined as the signal coming from outside of the detection bandwidth used to compute the
thermodynamic temperature. As the spectroradiometer spectral responsivity is recorded in a spectral

bandwidth [A, — A, A4 + 4], the signal part coming from outside of this spectral band must be
corrected. The voltage U, (A,T) delivered by the spectroradiometer viewing a blackbody is then

composed of an in-band signal voltage U, (4,T) and an out-of-band voltage Ugog (A, T):
Uy (s T) =U3 (A T) +Uo0n (A T) (54)
where
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UsUer, T) = | R(AAg)L(A,T)dA

Tt ~57 (55)

Def +6A

LA, T) | R(AAg)dA
et —OA
and
et ~O1 o
Uoos (Ait: T) = | R LAT)AA+ | R(AAg)L(AT)AA. (56)
0 Dt +64

The value of out-of-band stray light depends on the wavelength range, 64, chosen for the computation
of the thermodynamic temperature. Its measurement is performed with a continuous wave, fixed
wavelength laser whose beam is injected into an integrating sphere to produce a quasi-Lambertian
light distribution. As laser light is coherent, optical diffusion on the integrating sphere wall produces
optical speckle that enhances detection noise. The speckle pattern is filtered by time-averaging after
the laser beam passes through a multimode optical fibre that is agitated by an ultrasonic bath. This
method is limited by a signal-to-noise ratio of about 10° while 10° is required. Repeating the
recording and averaging of the slit scattering function over a whole day helps to lower the noise power
by one order of magnitude. The computed out-of-band stray light correction is given in Table 7. The
out-of-band correction factor (see Eqg. (12)) is defined as:

Uoos (A T)
K A, T) =14 =008 eft 2 57
OOB( eff ) US(/leﬁ,T) ( )

Table 7. Temperature correction (expressed in kelvin) caused by out-of-band stray light with effective detection
wavelength A and blackbody temperature T.

ANT 1358 K 1500 K 2000 K 2750 K
730 nm -0.127 -0.128 —0.164 —0.263
830 nm —0.084 -0.098 -0.159 -0.289
910 nm -0.071 -0.086 -0.150 —-0.285

Table 8. Typical corrections and uncertainties related to the use of a monochromator-based spectroradiometer.

. . o o Temperature
Component Component | Uncertainty Uncert_alnty Sensitivity Sen5|t.|V|ty uncertainty at the
value value unit value unit .
copper point (K)
Aett 8.000043 x 10| 1.0x 107 m 1.7 x 10° K.m? 0.017
Int(Aer) | 2.9215x10° | 53x10% VW misrt| 35x10° [KViwm3sr? 0.018
Koos 1.0007 2.0x10* no unit 105 K 0.021
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6. Measurement of Sources

6.1 Sources of Uncertainty due to the Filter Radiometer
6.1.1 Size-of-source characteristic

The size-of-source effect (SSE) arises from scattering and diffraction of radiation and from aberrations
within the optical/aperture system of a filter radiometer. This characteristic of the optical design of the
filter radiometer causes some radiation from within the target area (nominal field-of-view) to be lost
and some radiation from outside the nominal field-of-view to be detected. The filter radiometer signal
will show a dependence on the size of the target (and on changes in the radiance distribution
surrounding the target), hence the term ‘size-of-source effect’. When using a calibrated filter
radiometer, a correction needs to be applied to the measured signal, as typically the source under test
and the source used in the calibration are not the same size and do not have the same surrounding
spatial radiance distribution.

In order to quantify the size-of-source characteristic of a filter radiometer, the parameter o (r) is
introduced [43], such that g. (r)dr represents the fraction of radiation originating from an annulus of

infinitesimal width dr, at a distance r from the centre of the field of view, that is scattered into the
field-of-view. Three equivalent methods have been introduced to measure the size-of-source
characteristic [43], each of which measures a slightly different quantity and is related to g, (r)dr ina

different way. These methods can be categorised as either direct or indirect methods [43, 44]. The
direct method, which involves increasing the size of an aperture in front of a large uniform source,
relies implicitly on the very high stability of that source. The indirect methods, which block the direct
illumination within the instrument’s field-of-view, are less sensitive to the stability of the source used.

For an instrument calibrated using the radiance method, the necessary correction depends on the
difference in size (and radiance distribution) of the calibration source (the aperture on the integrating
sphere) and the test source (the furnace and fixed-point or variable-temperature blackbody) and the
size-of-source characteristic.

For an instrument calibrated using the hybrid method, the necessary correction depends on the
absolute SSE [32]; i.e., the difference between the measured signal and that obtained from an infinitely
large source, where the radiation scattered out of the field-of-view is balanced by light scattered into
the field-of-view.

For an instrument calibrated with the irradiance or power method, the size-of-source characteristic is
determined by the diffraction loss at the apertures. This is discussed in Section 4.1.7.

Filter radiometers and pyrometers can be designed to minimise the size-of-source characteristic [45],
and size-of-source characteristics of ~10° are achievable. This requires introducing a second,
collimating lens after the second aperture and placing a baffle aperture, the so-called Lyot stop, in the
collimated beam at a precise location.

In general, the size-of-source characteristic will be lower for an instrument designed for the radiance-
method calibration than for an instrument designed for the hybrid-method calibration. The size-of-
source characteristic can be reduced by selecting a lens with low scattering [46], and by using lenses
that are anti-reflection coated. A high-quality achromatic lens, with minimal spherical aberration and
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coma will also have a smaller size-of-source characteristic. It should be noted, however, that for the
hybrid method, such lenses will need their transmittance calibrated at all wavelengths.

6.1.2 Size-of-source effect

The size-of-source effect (SSE) arises from the combination of the instrument size-of-source
characteristic and the uniformity of the observed source.

The SSE correction [47], in its general form, is given by
Scal = |:1+ O-( Reff,cal) - O-( Reff,use):| S ! (58)

where S_, is the corrected signal, S is the measured signal and o(R) is the SSE quantity, related to
Osee (1) , determined by any one of the direct or indirect methods available.

R

which will be infinite for irradiance-method calibrations. The effective radius of a given source can be
calculated using

is the effective radius of the target, and R ., is the effective radius of the calibration target,

eff ,use

N

o(Ra) =0 (R)+ 2 [o(R)- (R ), 59)

o i=1

where it is assumed that the surroundings of the source can be divided into N distinct adjacent
annular isothermal regions with radii R, , whose signals measured by the filter radiometer are S, , and
R, and S, are the radius and measured signal, respectively, of the isothermal region of which the

target is a part. Inherent in Eqgs (58) and (59) is an assumption that the SSE quantity o is small (close
to 0 for indirect methods or close to 1 for direct methods). Alternative correction equations, which
depend on the particular SSE measurement method used, are available if this is not the case [47].

The uncertainty in o(R,;) can be calculated by propagating the uncertainties in o(R) and R through
Eq. (59). This can be achieved by first fitting a function to the measured SSE data to approximate
o(R) . A wide range of appropriate functions can be found in [48], and the uncertainty in the fitted
function, u(o(R)), can be determined using the method in [49]. The uncertainty in o(R,;) is then
given by:

u(a(Reﬁ))=Si{u2(so)[a(Reﬁ)—a(Ro)]2 + U (S)[o(R)-o(R )]

) ) 12 (60)
(S-S uZ(G(Ri)){ag—ﬁf) ]uZ(Ri) ,

i=0

where S ,, =0 by definition.
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The size-of-source effect introduces a scaling factor to the measured signal. Rearranging Eq. (58)
gives the scaling factor, K :

s 1
S 1+ O_(Reff,cal) - O-( Reff,use) '

cal

(61)

KSSE =

The relative uncertainty associated with the radiance measured by the filter radiometer due to the SSE
is equal to u(Kgs:)/Ksse - Normal and best relative uncertainties are 0.01 % and 0.002 %, respectively.

Note that for the hybrid method, R
sufficient source diameter that it flattens off.

=00 that it, the SSE characteristic must be measured out to a

eff,cal

6.1.3 Linearity

Equation (13) for the output signal of a filter radiometer is only valid if the instrument, including the
amplifier, responds linearly to input flux. Any departures from linearity should be corrected for by
including the correction factor K, from Eq. (12).

Methods for measuring linearity are roughly divided into two groups — ‘dual-aperture’ and
‘combinatorial’ methods [50]. Dual-aperture methods compare the sum of two signals when two
individual apertures are successively illuminated with the combined signal obtained when both
apertures are simultaneously illuminated. The flux levels are progressively increased to cover the
range of signals expected in use, and the measured non-linearity values accumulate with increasing
flux. The most common dual-aperture method is a flux-doubling method, in which it is arranged that
the two individual signals are approximately equal, and the signal levels progressively double until the
highest signal level is reached. This method tends to produce fairly sparse data.

If the linearity factor in Eq. (12) is defined as a continuous function of the measured signal,
Kiin =1/7(S,es)  then the linearised measured signal is simply given by

S = 77(8 )Smeas ' (62)

meas

The function 7(S,...) is determined from a number of discrete linearity values, 7, which in turn are

meas

accumulated from a set of measured linearity values 7,.,.;. For the flux-doubling method, it can be
shown that after k doublings, the linearity value is given by [50]

k
77k = UOHnmeas,j ’ (63)
j=1

where 7, is the linearity value at the lowest signal level. The value of 7, can be arbitrarily set to 1 for
the lowest signal measured during calibration of the filter radiometer. The values of 7, can be
interpolated to generate the continuous function 7(S,.,

according to Eq. (63), the uncertainties in their values are highly correlated. The uncertainties are
given by [50]

). Because the values of 7, accumulate
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U(7,) = [U2(17,2) + U (s) | fOFj=21ON, (64)

where there are N discrete linearity measurements, and u(7,) =0 and u(7,)=U(7,c..) - The
correlation coefficients, r(7;,7,), between each of the uncertainty components are

(i/k)¥* forj<k

(k/ j)¥? for j > k. (65)

r(ﬂjvﬂk)z{

Combinatorial methods, on the other hand, use several filters and multiple paths to generate a large
number of inter-related flux levels covering the expected range of signal values [51, 52]. Non-linearity
values are determined directly by comparing the measured signals with a model of the ideal signals
using least-squares fitting techniques with the filter transmittances as adjustable parameters:

_ Sideal (¢J)
i S !

(66)

meas, j

where ¢, is the flux level for the jth measurement. The 7, values can again be interpolated to obtain

the continuous linearity function 7(S

meas) *

6.1.4 Instrument temperature sensitivity (room temperature and heating from furnace)

As discussed in Section 5.1.1.1, filter radiometers are sensitive to their operating temperature and this
sensitivity depends on the type of filter and the detector, as interference filters will react differently
than glass filters to changes in temperature. FRs generally have some means of temperature
stabilisation, but there will be some residual sensitivity. In [1], Boivin et al. determined the sensitivity
of the spectral responsivity to changes in operating temperature for glass-filter-based FRs. By
measuring the responsivity of the FR with the operating temperature of the integrated thermoelectric
cooler set to 20 °C and then 40 °C, the temperature sensitivity was determined. The responsivity and
change in responsivity with operating temperature is shown in Figure 10.

If the FR is used to determine the temperature of a blackbody, the change in responsivity of the FR
with operating temperature will lead to a change in the measured blackbody temperature. Figure 11
shows the change in measured blackbody temperature for a 1 K change in FR operating temperature.
With the thermoelectric system described in [1], temperature stability of 0.05 K is achievable.
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Figure 10. Responsivity (blue) and the change in responsivity with temperature (red) for a glass filter, Si
detector filter radiometer with a central wavelength near 650 nm.
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Figure 11. Change in the measured temperature (of a blackbody, for example) indicated by 650 nm, glass filter-
based FR per degree of FR operating temperature change.

6.2 Sources of Uncertainty Due to the Source
6.2.1 Blackbody emissivity

The Monte-Carlo method is usually used for estimating a high-temperature blackbody’s effective
emissivity [53-55]. The uncertainty in the emissivity can by estimated using the same method by
varying the cavity’s surface reflectance and temperature distributions. Typical emissivities of large-
area variable-temperature blackbodies in the visible are in the range from 0.999 to 0.9997 with a

43



standard uncertainty of 0.0002 to 0.0005 [56-58]. The typical emissivity of HTFPs is 0.9997 with a
standard uncertainty of 0.0001 to 0.0002 [59, 60]. In the case of HTFP thermodynamic temperature
measurement, the influence of the furnace cavity on the FP blackbody cavity must be taken into
account [61].

The blackbody emissivity and the blackbody temperature measured with a filter radiometer are related
by Eq. (12). However, for estimation of the temperature uncertainty component associated with the
emissivity, we can assume that the filter radiometer spectral bandpass is narrow enough that the
monochromatic approximation can be applied. For typical wavelengths and temperatures, the Wien
approximation can also be applied. Therefore, the corresponding temperature uncertainty component
arising from the emissivity uncertainty is given by

ua (T) = %Tzurel (gBB) ' (67)

2

where T and ¢, are the temperature and effective emissivity, respectively, of the blackbody, and
U, (£gg) is the relative uncertainty in the effective emissivity.

When using the irradiance method, a variable-temperature blackbody (VTBB) is used as an
intermediator between an irradiance-mode filter radiometer and a radiation thermometer. The filter
radiometer [62, 63] is used for measuring the thermodynamic temperature of the blackbody and then,
immediately after that, the blackbody is used for calibration of the radiation thermometer, which later
is used for HTFP radiance temperature measurement. In this case the emissivity of the VTBB must be
taken into account. Applying the monochromatic and Wien approximations, the signals of the filter

radiometer, S, and the radiation thermometer, S;, can be expressed as

c c
S... =R P Iy ;
FR eff FREBB (AO,FR) nzﬁéFR p[ n%,FRTVTBBJ ( )
and
Ser = Reﬁ,RTgBB(AO,RT)%exp(_L] | "
222 NAy rr Tvres

where 4., and A,.; are the mean wavelengths of the filter radiometer and radiation thermometer,
respectively, Ry, and Ry o, are effective responsivity of the filter radiometer and radiation
thermometer, &55(4,r) and &gg(4yrr) are the emissivities of VTBB at the mean wavelength of the
filter radiometer and radiation thermometer, and T, is the temperature of the VTBB. Therefore, the

thermometer signal, Sg;, is related to the filter radiometer signal, Sq, by:

5
Sy = Si Retr.rr e (Aogr) A(;FR exp G [ 1 1 } _ (70)
Rerrr €es(horr) Aorr NToree (Aorr  Aorr
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which is proportional to:

rT € ool orr) (o) :( +—ASBB J , (71)
gBB (A'O,FR ) SBB (AO,FR )

where Aéggg is the difference between the emissivities at the two wavelengths. Because &gg(4, ) iS

very close to unity, Eq. (71) can be rewritten as

Sqr o (1+A&gs) . (72)

The radiance of the HTFP blackbody, L (Aggrs Tiree), Will be proportional to the radiation

thermometer signal when it’s used for the HTFP measurement. Note that T, = T\1gs, because the

temperature of the VTBB is intentionally kept as close as possible to the temperature of the HTFP.
Therefore,

Liree (AO,RT ’THTFP) o€ Sy € (1"' A‘938) ) (73)

and the HTFP blackbody radiance uncertainty component associated with the emissivity of the VTBB
equals the uncertainty in the difference between the VTBB emissivity at the mean wavelength of the
filter radiometer and the VTBB emissivity at the mean wavelength of the radiation thermometer:

u.. (Lirep) = U(Aggg) - (74)

Filter radiometers and radiation thermometers are usually visible or near IR instruments. The
emissivity of a VTBB in this spectral range does not depend strongly on wavelength and the variation
is usually in the range 0.0001 to 0.0002. Therefore, the uncertainty U(Aggg) can be estimated as
0.0001 in the typical case, and even lower for the best case.

Therefore, the irradiance method, in comparison with the radiance and hybrid methods, has an
additional uncertainty component related to the VTBB emissivity; however, this component is
relatively small.

6.2.2 For variable temperature blackbodies

The stability and uniformity of a large-area variable-temperature blackbody (VTBB) must be taken
into account when the irradiance (or power) method is applied for determining a HTPF’s
thermodynamic temperature; i.e., when an irradiance-mode filter radiometer (FR) is used for
measuring the thermodynamic temperature of the VTBB and then a radiation thermometer (RT) is
calibrated against the VTBB source.

6.2.2.1 VTBB stability

To minimise the effect of the VTBB instability, the FR and RT should measure the blackbody
immediately after each other; i.e., the duration between the measurements with the FR and the RT
should be as short as possible. Typically, a cycle of two measurements takes several minutes.
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Two methods of VTBB stabilisation can be used: active, with optical feedback; and passive, with a
constant blackbody electric current. Figure 12 shows typical stabilisation curves of the actively
stabilised VNIIOFI-made blackbody BB3500MP. Stabilisation behaviour can change depending on
the history of the blackbody (for instance, whether it was heated up or cooled down just before
stabilisation). The usual instability characteristic is a monotonic drift. One can see that in the worst
case, the drift has a rate of about 0.02 % (in terms of radiance at 650 nm) per 5 minutes, and the noise
instability is less than 0.004 % (calculated as the standard deviation of 10 consecutive measurements).
The passive stabilisation method features smaller noise but can suffer from unpredictable random
change of the drift direction. To avoid this indeterminacy, it is recommended that a slight current ramp
is applied, leading to a monotonic temperature drift. The best stability result [64] achieved with this
technique is 0.2 K/h at a temperature of about 3000 K [65]; i.e., 0.05 % in terms of spectral radiance at
650 nm, which is comparable with the best results for the active method.

Assuming linear drift of the blackbody, the following measurement sequence is recommended:
RT — FR — RT (or FR — RT — FR). In this case, the mean value of two RT measurements (before and
after) corresponds to the FR measurement without any corrections for the blackbody stability. The
difference ATqr = Tar aner — Trropeioe 0ETWeEEN the blackbody temperature measured by the RT before
and after the FR can be used for evaluating the upper limit of the uncertainty component associated
with VTBB stability:

Aler (75)

Uyregstab = \/E

During the WP5 (InK WP1) for HTFP temperature measurements at VNIIOFI, AT.; varied from

0.01 K to 0.05 K. Therefore, the corresponding uncertainty component was typically within 0.01 K
(0.009 % in terms of radiance at 650 nm at the temperature level corresponding to the Co-C point).
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Figure 12. Typical stability of the actively stabilised VTBB of the BB3500 type.
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6.2.2.2 VTBB uniformity

A VTBB is generally not perfectly uniform. The FR and RT may view different areas of the VTBB’s
cavity bottom. Therefore, the uncertainty component Uy gg iom (@Nd maybe a correction factor)

associated with the VTBB uniformity must be estimated. To minimise the correction and associated
uncertainty, the blackbody must be as uniform as possible and the geometry of the measurements
(diameters of apertures, RT optics, and measurement distances) must be chosen in such a way that
both detectors (RT and FR) see as close as possible the same area of the cavity bottom. The uniformity
should be measured and then used for an estimation of the uncertainty.

As an example, Figure 13 shows the uniformity, plotted as a radiance distribution along the cavity
bottom in the horizontal direction, of the blackbody BB3500M used at VNIIOFI as the VTBB for
WP5 (WP1 of InK). The FR had an aperture of 5 mm and was positioned at a distance of 720 mm
from the blackbody aperture (BB aperture), whose diameter was 8 mm; the distance from the BB
aperture to the blackbody bottom was 350 mm. The RT had an effective lens aperture of 34 mm and
was focused at the BB aperture; the distance from the RT lens to the BB aperture was 750 mm. So, the
FR and RT detectors saw at the BB bottom circular areas with diameters of about 14 mm and 16 mm,
respectively; i.e., the RT saw a larger area. To check the influence of this difference, the RT was
moved towards the BB aperture by about 40 mm without re-focusing, so it saw in this position an area
of about 14 mm (similar to that of the FR). The difference between the RT temperature readings,
ATgr . » taken in the two RT positions was 0.04 K, 0.03 K, and less than 0.01 K for temperatures

corresponding to the Co-C, Pt-C, and Re-C eutectic points, respectively. These values were applied as
corrections, and the uncertainty component associated with the blackbody uniformity was estimated as
0.02 K for Co-C and Pt-C, and 0.01 K for Re-C, using an approximate relation:

ATRT,un .

VTBB,uniform = ﬁ (76)

u

The experiment described above and Figure 13 show that the uniformity of 0.2 % within the observed
area leads to reasonably low uncertainties in the case where both detectors (FR and RT) observe
comparable areas of the cavity bottom.

The VTBB uniformity results presented in Figure 13 are comparable with that published elsewhere
[66]. Therefore, based on the above example we can conclude that the normal uncertainty associated
with VTBB uniformity is within 0.02 %, and for the best case is less than 0.01 %, in terms of radiance
in the visible.
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Figure 13. Cavity bottom uniformity of the blackbody BB3500M measured at VNIIOFI for Co-C, Pt-C, Re-C,
and Cu points. The measurements were carried out at a wavelength of 900 nm for the Cu point, and 650 nm for
the other three points.

6.2.3 For fixed-points

There are a number of effects related to pure-metal or eutectic fixed-points that lead to uncertainties in
the measured temperatures of these fixed points. In addition to the uncertainty in effective emissivity
discussed above, these include impurities, cavity-bottom temperature drop, and plateau identification.
These uncertainties have been described for pure-metal fixed points in [67]. For the eutectic fixed-
points additional uncertainties include structure effect, identification of the point of inflection or
identification of the liquidus point, stability, furnace effect, and uncertainties of unknown origin.
These are discussed in detail for Co-C, Pt-C, and Re-C in [68].
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7. Example Uncertainty Budgets

7.1 Uncertainty Components for Each Calibration Scheme

Following the format of Figure 5, Table 9 lists all the uncertainty components and which calibration
scheme they apply to.

Table 9. Uncertainty components required for each method — power, irradiance, hybrid, and radiance.

Uncertainty Component Power Irradiance Hybrid Radiance

Filter Radiometer Calibration

Wavelength scale 4

Stray light in calibration

Responsivity of trap detector

Out-of-band effects

Amplification of photocurrent

NN ENENENEN
NN ENENENEN
NN ENENENEN

Distance

FR aperture area

NEAYRIEIRYIRIA

Source aperture area

) Transfer/trap aperture
Geometric factor | grea

Aperture co-alignment

Aperture non-
roundness

Aperture change

NEY SRR
NEYERS RN
NN AN NNV

Noise

FR spatial uniformity

Ageing and repeatability of trap detector

Temperature of trap detector

NIENENENENENERNEN

Diffraction

Lens transmittance v

\

Absolute SSE

\

Uniformity of irradiance field v

SSE v

Measurement of Blackbody

Linearity v

FR temperature stability

Effective emissivity of blackbody

Source uniformity

Source stability

NN ENENEN
NENENENENEN
NENENENENEN
NENENENENE

Fixed point transition definition
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7.2 Uncertainty Values

Tables 10 and 11 give values for each uncertainty component listed in Table 9, largely taken from the
uncertainty budgets in the supplementary information for the work reported in [69]. These values are
categorised as being “normal” and “best”; however, given the complexity of primary radiometry, even
the “normal” uncertainties are not easily obtainable at any NMI.

Table 10. Typical contributions to the uncertainty budget for the calibration of a filter radiometer. All
uncertainties are standard uncertainties.

. Normal Best
Uncertainty Component . . Notes
Uncertainty Uncertainty

Filter Radiometer Calibration

Normal uncertainty for
Wavelength scale 100 pm 0.1 pm monochromator and best for
laser system.

Based on the stray light

o . 0 0
Stray light in calibration 0.01 % 0.0003 % values reported in [69].
Absolute calibration
Responsivity of trap detector 0.07 % 0.013 % traceable to a cryogenic
radiometer.
Out-of-band effects 0.025 % 0.01 % Based on.the OOB values
reported in [69].
Amplification of photocurrent 0.0026 % 0.001 %
Distance 0.1% 0.004 %
FR aperture radius 0.02 % 0.01 %
Source aperture radius 0.02 % 0.01 %
Transfer/trap aperture All expressed as
Geometric factor | radius 0.02 % 0.01% uncertainties in radiance, as
Aperture co-alignment 0.01% 0.0001 % per Table 3.
Aperture non- 0.004 % 0.001 %
roundness
Aperture change 0.02 % 0
Noise 0.05% 0.01%
Only for the power method
FR spatial uniformity 0.02 % 00296 | Sincethe FR is calibrated

under-filled and used
overfilled.

: - 0.01 % per year has been
0 0,
Ageing and repeatability of trap detector 0.03 % 0.01 % measured [41].
Temperature of trap detector 0.01 % 0.003 % Based on_the sensitivities
reported in [69].
Diffraction 0.07 % 0.001 % Diffraction at source/trap/FR
' 0 ' 0 depending on the method.

Lens transmittance 0.02 % 0.02 %
Uniformity of irradiance field 0.03 % 0.013 %
SSE 001 % 0.002 % Based on the SSEs reported

in [69].
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Table 11. Typical contributions to the uncertainty budget for the measurement of a blackbody. All uncertainties

are standard uncertainties.

Uncertainty Component Urll\(lzz:girll ty UncEf’fz:in ty Notes
Measurement of Blackbody

Linearity 0.01 % 0.002 %

FR temperature stability 0.01 % 0.002 %

Effective emissivity of blackbody 0.008 % 0.008 %

Source uniformity 0.02 % 0.01 % For VTBB.

Source stability 0.12 % 0.03 % For VTBB.

Fixed-point transition definition See [67, 68] See [67, 68]

Figures 14 and 15 show plots of the propagated uncertainties for measurements of a variable-
temperature blackbody over the range 1000 °C to 3000 °C for each of the four calibration schemes, for
the normal and best uncertainties, respectively, based on the values given in Tables 10 and 11. These
curves have been calculated assuming there are no correlations between any of the uncertainty

components. There is little difference between each of the schemes.
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Figure 14. Uncertainties for each calibration scheme, propagated from the normal values given in Tables 10 and
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Appendix A. Uncertainty Propagation Based on the Integral

A.1 Concepts

The method of propagating uncertainties directly through the integral in Eq. (13) is described in detail
in [70] and has also been published in [57, 71, 72]. This method calculates the sensitivity coefficients
in terms of signal directly from the practical numerical implementation of Eq. (13), and uses implicit
differentiation to convert these into sensitivity coefficients in terms of temperature.

In practice, Eqg. (13) is solved by introducing the numerical summation (trapezium rule):

K

S=—
2

{leM,T)(ﬂz )+ 3L T~ A )+ Syl U TR —AN_J}
. =2 (77)
=Y s L (AT

i=1

where the spectral responsivity has been sampled at N wavelengths (not necessarily at equal
wavelength intervals) with measured wavelength—spectral responsivity pairs (4,s;), and

A=A ifi=1
oA =34 A, ifl<i<N (78)
A=Ay, iFi=N,

For a given measured value of S, the value of T is determined iteratively by repeatedly evaluating the
right-hand side of Eq. (77) with different trial values of T until the right-hand side is equal to S. The
most efficient method of doing this is to use the Newton-Raphson algorithm as given by Eq. (14) and
outlined in [8].

Regardless of the algorithm used to solve Eq. (77) for T, the uncertainty in the value of T can be
determined directly from Eq. (77) as a function of the uncertainties in the measured (4,,s;) values and

the uncertainties in K and S. In order to calculate the appropriate sensitivity coefficients, it will be
assumed that the errors in the measurements can be separated into purely random components (that is,
components that vary independently from measurement to measurement; e.g., measurement noise) and
purely systematic components (that is, fully correlated components that are constant from one
measurement to the next; e.g., uniformity of reference source, alignment, wavelength scale offset).
(Partially correlated components will not be considered explicitly, but can easily be accommodated
using the sensitivity coefficients derived below.) Thus, the wavelength and responsivity measurements
can be modelled as:

ﬂ’l = 2’true,i +ﬂ’ran,i +ﬂ’sys (79)

and
Si = Strue,i (1+ Sran,i + Ssys) ' (80)
where A..; and S,.; are the unknown true values of the i" wavelength and i" responsivity,

respectively, A4

ran,i

is the unknown random error in the i™ wavelength, Ay 1s the unknown systematic
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error common to all wavelengths, s, is the unknown random error in the i" responsivity, and Sys 1S

ran,i
the unknown systematic error common to all responsivity measurements. Note that the wavelength
errors are expressed as absolute values, while the responsivity errors are relative values. All of these
errors have expectation values of zero, and are characterised by uncertainties U(4,;), U(4),

Urgt (Spani) » @nd U, (s respectively. Thus, the expectation value of A,,; is 4, and the expectation

sys) ’ rue,i

value of s,.; is s;. There is no need to separate the uncertainties in K and S into random and

true,i
systematic components since the sensitivity coefficients for the random and systematic errors are the
same as each other. Thus, there will be single combined uncertainties u(K) and u(S).

Substituting Egs (79) and (80) into Eqgs (77) and (78) and differentiating with respect to each of A

ran,i !
ﬂ“sys ' Sran,i ' Ssys’

K, and T gives:

slM oA —s L (4, T)-s,L,(4,,T) ifi=1
Y
05 _KJsoL(AT) o
=—8——— OoA4+s,L (A4, T)-s.,L (4, T) ifl<i<N 81
aﬂ“ran,i 2 I oA A, ! i-1 b( i-1 ) i+1 b( i+1 ) ( )
sN% S, + 8y 1Ly (A0 T) + 8y Ly (4, T) ifi=N,
A=Ay

N
oS zﬁzsi oL, (4, T) 7, | (82)
0, 257 o |,
oS K
=—sL,(4,T)o4, 83
asran,i 2 ILb(I ) I ( )
S _g. (84)
05
s _S (85)
oK K
and
N
S Ky LD 5 (86)
or 24" ot |,
where
LT _ LAT) c, s
oA ., A | nAT[1-exp(-c,/(nAT))] @7)
zM © _g (Wien approximation)
A nAT
and
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oL(AT) 5
or |ﬂ:4 ) ”%Tz[l—exp(—cz/(ni,T))} L, (4.T)

(88)
c, . L

~—=—1L (4,T) (Wien approximation).
T o (4, T) ( pp )

The sensitivity coefficients for temperature are obtained by applying the rule for implicit
differentiation:

o __ 38 Jos. )
aﬂ‘ ran,i a)“ran i 8T
o __ 8 [% -
Ol Ohye /) OT
o __ &8 /55 o
Sy O/ OT
or __ o8 Jes o
OSy 05y ) OT
ar__as jos -
oK oK/ oT
= T (94)
oS 8S/oT
The uncertainty in temperature is given by the GUM law for propagation of uncertainty as
([T C (et ;
u?(T) = u Ll Ty s
( ) ;[(aimn'i ( ram)] (asran’i rel( ran,|)J:|
(99)

ot C (et " reT Lo(aT ’
+Lﬁu(ﬂ’sys)] +{gurel(ssys)J +[RU(K)j +(£u(s)j

sys Sys

with the addition of any correlated components. For example, the uncertainties u(K) and u(S) may be
partially correlated.

A.2 GUM Tree Calculator (GTC)

While the equations in Appendix A.1 look fearsome, with care they can be easily implemented in a
software language of choice or in a spreadsheet application. Alternatively, a powerful technique,
known as GUM Tree Calculator (GTC), which can automatically propagate uncertainties through any
equation or series of inter-related equations, can be used. GTC can also propagate uncertainties
through iterative algorithms, such as the Newton-Raphson algorithm. GTC is described in [73] and is
available for download from the MSL website [74]. GTC can be used as an interactive calculator, or as
a batch processing tool. It is self-contained (requiring no supporting software) and programmable
using the Python language.
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GTC uses a special data type, called an uncertain number, to represent quantities that have been
measured, or estimated in some way. They are the key feature of GTC that distinguishes it from other
data processing tools. An uncertain number in GTC is a variable data structure containing a value, a
standard uncertainty, and a number of degrees of freedom. Correlation coefficients for any two
uncertain numbers can also be assigned. Thus, when propagating uncertainties through Eqg. (77), each
of the 4, and s, measurements are treated as uncertain numbers with both random and systematic

uncertainty components. When using Python, for example, coding of Eq. (77) is carried out with these
uncertain-number variables in the same way that the integral would be coded using normal single-
value variables. Then the Newton-Raphson algorithm (or any other suitable algorithm) can be applied,
using the same uncertain-number variables, to determine the value of T. GTC automatically
propagates the uncertainties through these calculations, using the method of automatic differentiation,
which uses the chain rule of calculus, to implement the GUM propagation law. GTC will deliver a
value, standard uncertainty, and number of degrees of freedom for T, and also provide a complete
uncertainty budget if required.

A.3 How to Apply the Method for Different Sources of Uncertainty

This method is applied by calculating the sensitivity coefficients in Egs (89) to (94) and combining the
uncertainty components using Eq. (95). The appropriate sensitivity coefficients for common sources of
uncertainty are calculated as follows.

Effect Notes Calculation
Spectral responsivity of trap If spectral in s(A1) , possibly affects | Eqs (89) to (92)
detector, s, all of U(Zp,) s Ulse) s U (Seni) |
and Uy, (S,) - Otherwise in K.
oT oK oT
OSyap - OSyap oK
oK K
or - T

trap trap

oT
— from Eqg. (93).
K g. (93)

Geometric factor, g Uncertainty associated with oK K

geometric factor given by Eqs (24) @ - E

and (28). Then in K. aT

— from Eq. (93).
oK

Amplifier gain, G In K. oK _K

G G

oT

— from Eq. (93).
K q. (93)

Wavelength scale accuracy This produces uncertainty Egs (89) and (90).
components U(A,,;) and u(4) .
However, if the accuracy can be
considered a spectral offset, it can be
considered a simple uncertainty
component u(4,,) only.
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Filter stability This will affect the shape of s(1) Egs (89) to (92).
and hence possibly all of
U(Aani) » U(Ays) » Urgy (Spani) » and
Uy (Syys) -
Instrument stability and noise This affects the measured signal, S. | Eq. (94).
Size-of source effect, K In K. oK K
Ko Kege

oT
— from Eg. (93).
K g. (93)

Linearity, K

lin

In K.

oK K

K, K

lin lin

oT
— from Eqg. (93).
K g. (93)

Blackbody emissivity, &

In S when measuring a blackbody at
an unknown temperature.

oT oS T
o 0505
s S
o &

oT
— from Eq. (94).
P q. (94)

Blackbody stability, ability to
define melt and similar

As above.

Hybrid method: lens
transmittance

If spectral in s(A1) , possibly affects
all of u(ﬂ’ran,i) ' u(ﬁ'sys) > urel(sran,i)!
and Uy (S,) - But normally K.

Eqs (87) to (92)

or

or _ oK T
0T, 07y OK
oK _ K
aTﬁbS Tabs

oT
— from Eg. (93).
K g. (93)

Power method: uniformity of
detector

Radiance method: angular
uniformity of the calibration
source

Irradiance/hybrid method: spatial

uniformity of the calibration
irradiance field

These can all be considered as a
relative uncertainty within K.

oT
— from Eg. (93).
K g. (93)
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Appendix B. Uncertainty Propagation Based on Key Spectral Parameters
B.1 Concepts

An alternative method of propagating the uncertainties in the spectral responsivity measurements to
the measured temperature redefines the integral in Eq. (13) in terms of key spectral parameters of the
filter radiometer. This method is most fully described in [75].

For the purpose of calculating temperature and its uncertainty, the measurement equation, Eg. (13),
can be approximated by the Planck version of the Sakuma—Hattori equation [76]:

C

exp I
AT +B

where A, B, and C are parameters related to the optical properties of the filter radiometer. This
approximation is valid for small® values of the relative bandwidth, r=o/4,, of the spectral

responsivity [77]. In this case [78]

S(T)= (96)

A=ni,(1-6r?), (97)
B :%2#, (98)
G N __H 2
C=K o (1+15r )_([s(/i)d/i arOT (1+15r%), (99)

where 4, and o are the mean wavelength and standard deviation (which is a measure of the

bandwidth), respectively, of the spectral responsivity (as measured in air), n is the refractive index of
air, and K (as described in Section 2.5) includes any optical, geometrical, and electrical quantities not
included in
s(4).

An advantage of using the approximation given by equation (96) is that it can be rearranged to give T
directly as a function of S:

(100)

so that once A, B, and C have been calculated from H, 4;, and o, Eq. (100) can be used to calculate
the temperature directly from subsequent measurements of S.

* The approximation, when the relative bandwidth is less than 0.01, e.g., for a 650 nm filter radiometer with
bandwidth (full-width at half maximum) less than about 20 nm, typically creates an error smaller than 3 mK over
the temperature range 600 °C to 3000 °C.
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The values of H, 4,, and o can be calculated from s(1) through the following integrals [78]:

H= chs(/i)d/i, (101)
T/ls(ﬂ,)d/i

Ay =, (102)
[s(2)da

0

0

j (A= 2,)s(A)dA
e . (103)
[s(2)da

0

Equations (96) to (99) and (101) to (103) form the basis of the uncertainty analysis. Uncertainties in
the values of H, 4,, and o, and additionally n and c,, can be propagated through Eq. (96) using the
following sensitivity coefficients:

2
o os fos | TP 10n
oH  oH/ T ¢, H
O _ 05 JOS T[cn&TP ) (105)
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where
P=1exp| =2 (109)
nAT )

All of these components are determined during the calibration of the filter radiometer. Additionally,
the uncertainty in measuring S during use when determining the unknown temperature is propagated to
T by the sensitivity coefficient
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The approximations indicated by the =~ symbol in Egs (104) to (107) and Eq. (110) arise from

neglecting terms in the derivatives of order r® or higher (narrowband approximation). Additionally,
the Wien approximation can be applied by replacing P with 1.

Each of the uncertainty components discussed in the main text can be identified with one of the six
sensitivity coefficients of Egs (104) to (108) or Eg. (110), and contribute towards one of the
uncertainty values u(4,), u(o), u(H), u(n), u(c,), or u(S). The total standard uncertainty in the

calculated value of T is evaluated from the GUM formula:

UZ(T)=[%U(/IO)j +(%u(o—)j +(§—LU(H)J +(Z—;u(n)] +[%u(cz)J +(%u(3)} (111)

with the addition of any correlated components. The narrowband and Wien approximations indicated
above introduce insignificant error (typically less than 3 mK) into the calculated value of the total

standard uncertainty for realistic values of the parameters. Because the uncertainties u(n) and u(c,)
are small, the fourth and fifth terms in Eq. (111) are negligible and can be removed from the equation.
In fact, after the redefinition of the SI in 2019, u(c,) will be identically zero, since ¢, =hc/k and h, c,

and k will all have defined values. Similarly, the component of uncertainty in H due to C; is also

negligible, and will be identically zero after the redefinition since ¢, = 2hc?.

The uncertainties Uu(H), u(4,), and u(o) can be derived from the uncertainties U(4,;), U(4),
Ut (Siani) » Uri (Sys) » @nd U(K) in a similar fashion to the method in Appendix A. That is, each of the

integrals in Eqgs (101) to (103) can be expressed as numerical summations (given by the trapezium
rule) in terms of the measured (A,s,) pairs, and the appropriate sensitivity coefficients calculated.

The sensitivity coefficients for H are:
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where o4, is given by Eq. (78) in Appendix A. The uncertainty u(H) is then obtained from:

u (H) Z[[ u(/q’ran |)J (%urel(sran,i)J :|+ H urel (Ssys) +H 2ureI(K) '

The sensitivity coefficients for 4, are:
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(121)

-1
Note that in Egs (118) and (120) Kc,/H :{ j s(ﬂ)dﬂ} , the inverse of the area under the spectral
0

responsivity curve (i.e., 04,/04,,; and 04,/ds,,; are independent of K and c,, as expected from

Eqgs (102) and (103)). The uncertainty u(4,) is then obtained from:

u (//l’o) Z[( aiﬂo u(/lran |)J (6(210 rel (Sran,i)J :|+ uz(/lsys) '

ran,i ran,i

The sensitivity coefficients for o are:
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Again, 0c/0A,,; and dc/ds,,,; are independent of K and ¢, since Kc,/H is equal to the inverse of
the area under the spectral responsivity curve. The uncertainty u(o) is obtained from:

UZ(G) = i[[ai—du(ﬂ’ran,i)J +(a§—6urel(sran,i)] ] ' (127)

ran,i ran,i

Finally, because H, 4,, and o are all calculated from the same (4,,s,) data, their uncertainties will be

correlated. For any two of these quantities, X, and X, , the covariance is:
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These correlated components should be added to Eq. (111) when calculating the total uncertainty in
the value of T. The additional terms to be added to u*(T) are:

or oT oT oT oT oT
2|:E%U(H,%)+E%U(H,G)+%%U(ﬂ.o,0):| . (132)
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However, in practice, these terms are generally negligible compared to those in Eqg. (111) and can be
ignored.

Once again, GUM Tree Calculator (GTC), as described in Appendix A.2, can be used to automatically
propagate the uncertainties in the (4,s;) and K measurements through Eqgs (101) to (103) to give

u(H), u(4,),and u(o) directly, which can then be used in Eq. (111).

B.2 How to Apply the Method for Different Sources of Uncertainty

This method is applied by calculating the integral quantities of Egs (101) to (103) and then the
sensitivity coefficients in Egs (104) to (108) and Eq. (110). The appropriate sensitivity coefficients for
common sources of uncertainty are calculated as follows.

Effect Notes Calculation
Spectral responsivity of trap If spectral in s(1) , which affects Contributes to H as a component
detector, s, the central wavelength and inK.
bandwidth. T from Eq. (104).
oH
Geometric factor, ¢ Uncertainty associated with oH H

geometric factor given by Eqs (24) | a9 g
and (28). Then in H through K. aT
p) from Eq. (104).

Amplifier gain, G In H through K. oH H

G G

oT

— from Eq. (104).
P q. (104)

Wavelength scale accuracy This produces an uncertainty assoc. | Eqgs (105) and (106).
with both 4, and o. However, if
the accuracy can be considered a
spectral offset, it can be considered
a simple uncertainty associated
with 4, only.

Filter stability This will affect the shape of s(A1) Eqgs (105) and (106).
and hence both 4, and o It is best

modelled to estimate an uncertainty
associated with those.

Instrument stability and noise This affects the measured signal, S. | Eq. (110).
Size-of source effect, K In H through K. or  oH oT
aKSSE - aKSSE a_H
oH H
aKSSE KSSE

oT
—— from Eqg. (104).
H g. (104)
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Linearity, K

lin

In H through K.

oT _oH oT
Ky, Ky OH
oH H
K, Ky

lin lin

oT
— from Eq. (104).
P g. (104)

Blackbody emissivity, &

In S when measuring a blackbody
at an unknown temperature.

oT oS aT
0 0£0S
s S
oc ¢

oT
— from Eq. (110).
S g. (110)

Blackbody stability, ability to
define melt and similar

As above.

Hybrid method: lens
transmittance

If spectral in s(1) , which affects

the central wavelength and
bandwidth. But normally in H
through K.

or _oH o7
OT - OT oH
oH H
0T, _a

oT
— from Eq. (104).
H g. (104)

Power method: uniformity of
detector

Radiance method: angular
uniformity of the calibration
source

Irradiance/hybrid method: spatial
uniformity of the calibration
irradiance field

These can all be considered as a
relative uncertainty in H through K.

oT

— from Eq. (104).
H g. (104)

Note that many sources of uncertainty will be expressed as relative uncertainties rather than absolute
uncertainties (with units). All uncertainties in the equations above are absolute uncertainties. However,

as an example, consider an amplifier gain. From the table above, this is:

T _oHaT _nAT*
oG oGoH  Ge,

Therefore, the uncertainty in temperature due to amplifier gain is

- (52)

nA,T° 0 (G),

2

where the term U(G)/G is the relative uncertainty in the gain.
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