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Introduction

The purpose of this document is to provide the rationale and outline the technical basis for the realisation and dissemination of thermodynamic temperature (T) above the silver point as an alternative to the dissemination of temperatures based upon the International Temperature Scale of 1990 (ITS-90), T90. This is done in the belief that absolute primary radiometry, and in due course relative primary methods utilising high-temperature fixed points (HTFPs), will be able to routinely achieve lower uncertainties on a more reliable basis than the ITS-90 above the silver point.

The document consists of the following sections:

· The raison d’être for preferring absolute primary radiometric methods instead of ITS-90 above the silver point.

· A brief description of absolute primary radiometry methods, including traceability to SI units
.

· The issue of certification wording.

· References concerned with the practice of absolute primary radiometric thermometry above the silver point temperature.

· Annex 1, concerned with HTFPs, their current best temperature values, and their role in the implementation of relative primary methods.

· Annex 2, concerned with uncertainties achievable with ITS-90, absolute primary radiometry and relative primary methods of implementation via HTFPs. 

Raison d’être

The definition of the ITS-90 above the silver-point temperature has intrinsic limitations, namely:

· The definition is not unique. Fixed-point blackbody cavities at the Ag, Au and Cu freezing-point temperatures are all allowable reference sources for the basis of a scale realisation, which potentially leads to temperature scales that are different depending upon the choice of the fixed point. 

· The formal definition cannot be implemented in practice
. The ITS-90 formalism calls for the use of Planck’s law in ratio form with strictly monochromatic blackbody radiation in vacuo. In practice, neither of these conditions is achievable and integral or mean effective wavelength forms are used to allow for the finite bandwidth of the radiation thermometer.

· The extrapolation of the temperature scale from the defining fixed points to higher temperatures results in fundamental uncertainty limits. The ITS-90 definition means that the uncertainty associated with scale realisation increases [approximately] as 
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 from the uncertainty of the reference fixed-point temperature.

Absolute primary radiometry can already be implemented in several NMIs and achieves uncertainties competitive with ITS-90. HTFPs are still the subject of research but could, in the future, be used to implement relative primary methods of realising T with uncertainties competitive with ITS-90, and probably more reproducibly than absolute primary radiometry. However, given the current state of research of HTFPs, their contribution to an improved realisation and dissemination of T above the silver point will be put in an annex to this document until such time as the use of HTFPs for this role can be unequivocally demonstrated.

 Absolute primary radiometry methods

Introduction

The determination of thermodynamic temperatures through absolute primary radiometry requires the following:

· A blackbody with a known (high) spectral emissivity.

· A measurement of the spectral radiance or the total radiance of the blackbody traceable to the units of the SI.

Blackbody sources

The total exitance, M, of a blackbody source, that is the power emitted by the blackbody, per unit area, is given by the Stefan-Boltzmann law, in the form
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where n is the refractive index of the medium into which the blackbody is emitting, ( is the total emissivity of the blackbody and 
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 is the Stefan-Boltzmann constant.

In practice, the difficulties of making a blackbody whose total emissivity is close to unity at all fields of view, and which has a well defined emitting aperture, mean that it is more common to determine the radiance of the source, that is the radiant flux emitted, per unit area and within a small and accurately known solid angle. Within this angular range, the practical blackbody is a Lambertian source – the angular distribution of radiance is constant. This means that the total radiance, L, of the blackbody can be related to the exitance by the simple relationship
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Temperature in this case is related to total radiance, the units of which are W m–2 sr–1. 

The spectral radiance
, Lb,(, of a blackbody, that is the power emitted per unit area per solid angle per unit wavelength interval, is given by Planck’s law:
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where k is the Boltzmann constant, h is the Planck constant, c is the speed of light in vacuo, n is the refractive index of the gas in the optical path
, ( is the wavelength in that gas, and 
[image: image6.wmf](

)

T

,

l

e

 is the spectral emissivity of the blackbody. Hence, from Eq. (3), thermodynamic temperature is directly related to spectral radiance, the units of which are W m–2 sr–1 nm–1. 

The measurement of thermodynamic temperature

Traceability to fundamental units

The implementation of absolute primary radiometry requires that the quantities involved are traceable to the units of the SI. Hence, the power measurement must be traceable to the definition of the watt; wavelength, area and distance to the definition of the metre.

Basic principles of absolute primary radiometry

The components of a radiometric system for the measurement of thermodynamic temperatures are a blackbody source and a detector with a known spectral responsivity. The source and the detector areas are limited by co-aligned, circular apertures with radii r1 and r2, aperture areas A1 = (r1 and A2 = (r2, respectively, separated by distance d. The incident power, (, at the detector is given by 
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where L is the radiance of the source and ( is the throughput of the setup. The throughput is related to the configuration factor, F, and the source aperture area, A1:
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where the configuration factor is
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The term 
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 is also known as the ‘geometric factor’ in the literature.

The irradiance, E, is simply given by the incident power at the plane of the detector aperture divided by the detector aperture area, 
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Examples of practical implementations of absolute primary radiometry are described below. These are given as a guide only and the realisation of an absolute primary thermometry scale will depend on local requirements and constraints.

Absolute primary total radiometry

The total radiant power is determined using a black cavity detector [1, 2]. The area and solid angle are defined by two circular apertures, on the source and detector, respectively, separated by a known distance. 

To avoid gas-borne heat transfer and atmospheric absorption in the path between the blackbody and the radiometer, these measurements are typically performed in a vacuum chamber and, therefore, by definition, n = 1. The temperature is determined using
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which is derived using Eqs (1), (2), (4) and (5), with (2 being the absorptivity of the black cavity detector and (1 being the total emissivity of the blackbody source.

Total radiometry is not currently practised as a thermometry method. However, advances in the field, in particular the development of cryogenic electrical substitution radiometers, has facilitated the use of spectral radiometry as a practical absolute primary thermometry method.

Absolute primary spectral-band (or filter) radiometry

Developments of ultra-linear stable silicon photodiodes, the advent of trap detectors [3,4], and the implementation of laser-based radiometry [5-9] have led to spectral radiometry becoming the standard approach for absolute primary high-temperature measurement. The spectral power is determined using a detector of known spectral responsivity in a particular waveband and in a defined solid angle. 

In principle, there are a number of different filter radiometry implementations. But in practice, the filter radiometer is comprised of a detector, a spectrally selective filter and a geometric/optical system with at least one defining aperture. For illustrative purposes, four different implementations are described below, each having a slightly different calibration method.

· 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”. 

· A filter radiometer, calibrated for irradiance responsivity, used to measure the radiance of the blackbody in combination with a source aperture – the “irradiance method”.

· 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”. 

· 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.

The different implementations require the following common calibration infrastructure:

· A trap detector calibrated at distinct wavelengths by monochromatic radiation from a laser [9, 10, 11] or monochromator [12, 13, 14] using a cryogenic electrical substitution radiometer and a continuous spectral power responsivity scale obtained by interpolating these values by a physical model. This provides power traceability to the watt.

· The calibration of the spectral responsivity, at discrete wavelengths, of the filter radiometer by comparison with the trap detector. This requires a monochromatic source, tuneable across the bandwidth of the filter radiometer. This is often achieved using a tuneable laser illuminating an integrating sphere [8, 31, 34] or, alternatively, a monochromator-based source [12-16]. For a spectral radiance responsivity calibration, the source must be Lambertian. The wavelength determination of the laser, or the wavelength scale calibration of the monochromator, provides traceability to the metre.

· Two precision circular apertures with known diameter and separation. The areas of these apertures and separation distance provide traceability to the metre.
Non-imaging methods

The power method

If the radiometer is calibrated for spectral power responsivity, 
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The power responsivity is determined by calibration against a source that underfills the radiometer, and then in use a geometric system with two apertures is added to measure the radiance of the blackbody (see Figure 1). For this method the homogeneity of the detector is very important [17]. 
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Figure 1: The power method.
The irradiance method

If the radiometer is calibrated for spectral irradiance responsivity, 
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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 [12,13] or a laser-based [8,18] system. During use, an additional aperture is added in front of the 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 [14,15,19–23]. However, diffraction losses increase drastically for a decreasing diameter of the furnace aperture, so the method has been adapted, as below, for determining the temperature of small sources (e.g. HTFPs) [16,24,25]. 

Figure 2: The irradiance method.
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Imaging methods

The hybrid method

The irradiance approach can be applied to smaller blackbody cavities by introducing a single lens. 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 [8,26]. 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. The absolute size-of-source effect must be corrected for [27,28]. The instrument can also be calibrated for use in radiance mode [28].
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Figure 3: The hybrid method.
The radiance method

An appropriately designed imaging radiometer can be calibrated in absolute mode as a filter radiometer (see Figure 4). 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 [29,30,31]. 

If the radiometer is calibrated for spectral radiance responsivity, 
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The calibration of such a system is by comparison with a source of known radiance. The instrument can then determine the blackbody radiance directly. Examples of the method can be found in [31, 33–35]. 
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Figure 4: The radiance method.

Summary of absolute primary radiometry methods 

Several different absolute primary radiometry methods could be employed to generate thermodynamic temperature, directly traceable to SI units. Four have been outlined here for illustrative purposes, but radiometrists should not be constrained by these methods and should use whichever variant their own laboratory circumstances permit.

The issue of uncertainties is addressed in Annex II. By comparing ITS-90 with absolute primary radiometry it is clear that for those laboratories capable of radiometry at the highest level, advantage will be gained through realising and disseminating T directly instead of the T90 proxy.

This is clearly a situation in transition and that will need to be carefully monitored to ensure on-going worldwide equivalence of high-temperature scales. This will be best achieved through interlinked key comparisons joining the laboratories realising T and those realising T90.
Certification and traceability 

Calibration certificates issued by the temperature departments of NMIs often contain statements such as “traceable to ITS-90”. As dissemination of T becomes a reality, this statement will have to be modified. T90 is a defined quantity and, therefore, only an approximation to T. Through access to T users are now getting traceability to the fundamental quantity thermodynamic temperature, with comparable or lower uncertainties than those achievable by the ITS-90. One approach could be to simply include a statement such as “traceable to a realisation of thermodynamic temperature, T, following procedures endorsed by CCT, specified in the MeP-K”. A more direct approach would be to state “traceable to the SI”. This transition may be of concern to some users and, if this is likely to be the case, then a covering note explaining the transition to T from T90 should be included with such certificates.
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Annex 1: High-temperature fixed points and their contribution to establishing an improved radiometric high-temperature scale 

Introduction

High-temperature fixed points (HTFPs) are those above the freezing point of pure copper and, for the purposes of this document, those based on the eutectic or peritectic reaction [1, 2, 3]. A list of the possible HTFPs is given in Table 1.

Table 1: Nominal melting temperatures of metal–carbon and metal-carbide–carbon eutectics, and metal-carbide–carbon peritectics [3, 4, 5, 15, 17].

	Eutectic
	Approximate temperature / K
	Approximate temperature / ºC

	Metal-carbon-eutectics

	Fe‑C
	1426
	1153

	Co‑C
	1597
	1324

	Ni‑C
	1602
	1329

	Pd‑C
	1765
	1492

	Rh-C
	1930
	1657

	Pt‑C
	2011
	1738

	Ru‑C
	2227
	1954

	Ir‑C
	2565
	2292

	Re‑C
	2747
	2474

	Metal-carbide-carbon-eutectics

	B4C-C
	2659
	2386

	(MoC)-C
	2856
	2583

	TiC‑C
	3032
	2759

	ZrC‑C
	3155
	2882

	HfC-C
	3458
	3185

	Metal-carbide-carbon peritectics

	Mn7C3-C
	1604
	1331

	Cr3C2-C
	2099
	1826

	WC-C
	3022
	2749


HTFPs are the subject of research into future high-temperature standards, guided by the CCT-WG5 [6]. They have already been used for comparisons of local realisations of 
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and T [7, 8, 17], calibrations for contact thermometers [9] and non-contact thermometers [10], and dissemination of 
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to industry [11]. It is envisaged within the next five years that, initially, the subset of HTFPs examined under the CCT-WG5 research plan, then all HTFPs of utility, will have their thermodynamic temperatures determined, with their associated uncertainties, using the techniques outlined in this document. From this point they will yield a means of realising and disseminating thermodynamic temperature without recourse to full radiometric facilities.

Currently (Dec 2009) the metal–carbon eutectics that have received the most study, and are, therefore, of most utility, are Co-C, Pt-C and Re-C. However, it should be noted that Co-C has remaining robustness issues. Besides these three, robust fixed points of Pd-C, Ru-C have been used for scale comparisons. WC-C has also proved robust and stable.

Relative primary methods for the (realisation and) dissemination of thermodynamic temperature

The ITS-90 is realised by one fixed point [of silver, gold or copper] and the use of Planck’s law in ratio form to develop the temperature scale by extrapolation. This was done because at the time when ITS-90 was formulated no reliable HTFPs existed above the Cu point. However, with the advent of HTFPs [listed in Table 1] this situation no longer persists and it will become possible to develop relative primary methods of realising thermodynamic temperature above the silver point by interpolation between two or more fixed points [12, 13, 14] on the basis of Planck’s law. 

Two fixed points (n = 2) are the minimum required for such interpolation. If the two fixed points are as far from each other as practically feasible (e.g., the Cu point and the highest available HTFP), the scheme combines extension in range with a very low uncertainty. Some extrapolation beyond the calibration points may also be acceptable. Thus, the scheme can be successfully implemented over the range from about 1000 K to 3300 K. In this scheme, accurate knowledge of the relative spectral responsivity function is not required and the effect of the uncertainty associated with the non-linearity is strongly reduced as compared to that affecting single-point schemes, n = 1 (like ITS-90) or n = 0 (via absolute primary methods for the measurement of T). The uncertainties associated with interpolation and extrapolation will clearly depend on the temperatures of the calibration points used and their associated uncertainties. 

An alternative option is through following flexible multi-point interpolation schemes (n = 3) or a least-squares approach (n > 3). The redundancy of HTFPs in a least-squares scheme provides additional security in scale realisation. For schemes with n ≥ 3, in principle, knowledge of the spectral responsivity function is no longer needed.

Provisional temperature values for a limited sub-set of HTFPs have already been published [15]. These are given, for completeness, in Table 2 below and definitive values are given in the following section [16].

Table 2: Provisional recommended temperatures for a selected set of HTFPs [15].

	HTFP
	Thermodynamic temperature/(C

	Uncertainty (k=2)/(C

	Co-C
	1324.0
	0.6

	Pd-C
	1491.7
	0.7

	Pt-C
	1737.9
	0.6

	Re-C
	2474.2
	1.0


Current temperature values for the HTFPs with uncertainties

In process by Mohamed Sadli. T and T90 values, with associated uncertainties to be supplied. 

HTFP summary

Research into HTFPs is in progress. They are currently of significant utility in high-temperature metrology, but are not yet officially sanctioned temperature references. The CCT-WG5 research plan [6] will clarify this point. Once thermodynamic temperatures for HTFPs are established, they can then be used, with reliable interpolation procedures based upon Planck’s law, to establish thermodynamic temperatures by relative primary thermometry.
It is clear that multiple approaches for thermodynamic high-temperature realisation and dissemination are emerging: absolute primary methods through different incarnations ofspectral radiometry, and relative primary methods via HTFPs with interpolation or least-squares fitting, or through measuring T90 and applying a priori known values of T – T90 with the associated uncertainties. Care needs to be taken that these methods all remain in agreement to ensure the long-term integrity of the SI temperature unit. This is most easily checked through key comparisons.
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Annex 2: Uncertainties for Absolute Primary Radiometry (n  0) and Relative Primary Temperature Realisations: Single-Point Extrapolation (n  1) and HTFP Interpolation (n ( 2)

Introduction

This annex provides a generalised framework for the propagation of uncertainty for all of the different approaches to radiometric high-temperature realisation – absolute primary radiometry (n  0), relative primary single-point extrapolation (including the defined temperature scale of ITS-90) (n  1), and relative primary HTFP interpolation (n ( 2). This framework is based on an analytical equation that is used to model the integral of Planck’s law over the radiometer’s spectral responsivity to simplify the inclusion of the finite bandwidth. The model also enables analytical uncertainty equations to be derived, which can be used to compare the accuracy of each approach, and allows additional insight into the uncertainty relationships to be gained. The model unifies the uncertainty analyses for each method without sacrificing accuracy in the estimated uncertainty values.

This framework has been used in the CCT-WG5 uncertainty guide for temperatures below the silver point [1] for n ≥ 3, and in the n  2 method described in [2]. It is extended here to include the n  0 and n  1 methods. Note that the CCT-WG5 ITS-90 uncertainty guide for temperatures above the silver point [3] was produced before this framework was developed, but can be easily adapted to be consistent with it.
Model for Uncertainty Propagation

The model for the signal measured by a radiometer is the Planck form of the Sakuma–Hattori equation [4]:
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where 
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, and A, B and C are related to the radiometer’s spectral responsivity, s(). For relatively narrow bandwidths, A and B can be expressed directly in terms of the mean wavelength, 0, and the standard deviation, , of the relative spectral responsivity, and C additionally in terms of the area under the absolute spectral responsivity curve [5]:
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where 
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, and K contains any geometrical and electrical factors not included in the spectral responsivity (n is the refractive index of the medium in which the radiation thermometer is immersed, usually air, and  refers to the wavelength measured in this medium). The definitions of mean wavelength and standard deviation of the spectral responsivity are [5]:
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and
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For narrow-bandwidth radiometers (
[image: image33.wmf]0
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) equation (1) is accurate to within a few millikelvin for temperatures up to 3000 °C [6]. For wide-bandwidths, equations (1) to (4) may not provide sufficient accuracy for temperature realisation, and the full integration of the spectral responsivity over Planck’s law is required to relate signal to temperature. However, in this case, equations (1) to (4) are usually adequate to form the basis of an uncertainty analysis, and the uncertainty equations given below are still accurate to within a few percent.

The different temperature realisation methods (n  0, n  1, etc) determine the values of 0,  and H by different means, which gives rise to different uncertainty equations for each method.

The uncertainties given below represent the best estimates at the time of writing, and are expected to change with advances in experimental technique. On the other hand, any one laboratory may not be able to achieve such uncertainties in all cases, and should determine each component individually. All uncertainties quoted below are standard uncertainties, and are based on a radiometer operating at 650 nm with a relative bandwidth of 
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Absolute Primary Radiometry Method (n  0)

(Note, n here refers to the number of fixed points used in the scale realisation, not to refractive index as above.)

Values of 0 and  can be calculated directly from the spectral responsivity measurements using equations (5) and (6). The responsivity area integral in equation (4) can also be calculated directly, from which H can be determined. Typically, the effects leading to uncertainties in spectral responsivity measurements are highly correlated. Uncertainty contributions to 0,  , and H due to random effects in the wavelength and spectral responsivity measurements decrease as 
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, where N is the number of wavelengths used, and for sufficiently large N the uncertainties due to systematic effects dominate.

To determine thermodynamic temperature by absolute primary radiometry, there are three ‘realisation’ sensitivity coefficients, 
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, that need to be considered. These can be calculated in full directly from equation (1), but are well approximated (to within a few percent) by the following expressions, where the Wien approximation to Planck’s law and a zero-bandwidth approximation have been applied:
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Equations (9) and (10) can be modified in an obvious way to represent sensitivity coefficients for relative uncertainties in H and S, respectively. Note that there is also a sensitivity coefficient for the value of 
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 (c2 is not yet defined exactly, and there is an uncertainty in the value of the refractive index of the medium in which the radiometer is immersed). This is simply 
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 is dominated by the uncertainty in Boltzmann’s constant, k, which is 0.00017% [CODATA], leading to a negligible uncertainty of 5.6 mK at 3000 °C. Similarly, the component of uncertainty in temperature propagated from the uncertainty in 
[image: image47.wmf]1

c

¢

 is also negligible. 

Table A1 lists typical uncertainty components related to each of the sensitivity coefficients [7, 8, 9]. The values correspond to a laser-based realisation for the radiance approach [7]. For a monochromator-based realisation for the irradiance approach, the uncertainty components for 0 would be larger and some of the components for H would differ slightly [8, 9], but the total combined uncertainty would not be significantly different. Note that the ‘in-use S’ uncertainty components arise when the radiometer is used after calibration to measure the radiance temperature of an arbitrary blackbody cavity. To determine the true temperature of the blackbody, additional uncertainties corresponding to the blackbody emissivity, temperature drop, etc would need to be added. This definition of ‘in-use’ also applies to all the other schemes discussed below.

Figure A1 plots each uncertainty component and the combined standard uncertainty, assuming no correlations between the components:
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Table A1. Standard uncertainty components for absolute primary radiometry for the case of laser-based radiance responsivity [7].

	Uncertainty Component
	Value

(Laser-based system)

	0

(650 nm)
	

	
Wavelength
	0.0003 nm

	
Drift
	0.0003 nm

	Total 0
	0.00042 nm

	Total 
(r  0.01)
	0.0000042 nm

	H
	

	
Trap detector
	0.015%

	
Aperture area
	0.004%

	
Distance
	0.01%

	
Sphere spatial and angular uniformity
	0.025%

	
Amplifier gain
	0.005%

	
Temperature coefficient of trap
	0.002%

	
Temporal stability of trap
	0.013%

	Total H
	0.034%

	In-use S
	

	
SSE
	0.01%

	
Non-linearity
	0.005%

	
Gain ratios
	0.01%

	
Ambient conditions
	0.002%

	
Drift
	0.01%

	
Repeatability
	0.003%

	Total in-use S
	0.018%
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Figure A1. Uncertainty components and combined standard uncertainty for laser-based absolute primary radiometry. The uncertainty components due to 0 and  are negligible on this scale.

Single-Point Extrapolation Method (n  1)

This is equivalent to the method used under ITS-90, where a single fixed point and signal ratios with respect to this fixed point are used to extrapolate to other temperatures. Thermodynamic temperatures can be obtained using this method if the fixed point has a measured thermodynamic temperature and associated uncertainty. Measurements can be modelled as the ratio of the signal S(T), given by equation (1), to the signal Sref measured at the reference temperature Tref. Thus, the value of the parameter C is not required. As for the n  0 method, the values of 0 and  can be calculated directly from measurements of the relative spectral responsivity. Uncertainty contributions to 0 and  due to random effects in the wavelength and spectral responsivity measurements decrease as
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, where N is the number of wavelengths used, and for sufficiently large N the uncertainties due to systematic effects dominate.

There are four ‘scale-realisation’ sensitivity coefficients, 
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 and one ‘in-use’ sensitivity coefficient, 
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, that need to be considered in this case. After applying the Wien and zero-bandwidth approximations, these are:
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Equations (15) and (16) can be modified in an obvious way to represent sensitivity coefficients for relative uncertainties in Sref and S, respectively.

Table A2 lists typical uncertainty components related to each of the sensitivity coefficients [8, 9, 10]. The uncertainty given for the thermodynamic temperature of the reference fixed point corresponds to the value for the radiance temperature calculated from absolute primary radiometry (from Figure A1) with the addition of appropriate components to convert radiance temperature to true temperature. Figure A2 plots each uncertainty component and the combined standard uncertainty assuming no correlations between the components:
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Equations (12) to (17) can be adapted for the ITS-90 temperature scale simply by replacing T with T90 and Tref with T90,ref. Note that for ITS-90 the uncertainty in Table A2 associated with the thermodynamic temperature of the reference fixed point is not included, since the fixed point has a defined temperature with zero uncertainty. The uncertainty in T90,ref then arises only from those uncertainties associated with its realisation, which, from Table A2, would be 7.4 mK. The combined uncertainty for ITS-90 is also plotted in Figure A2. Its lower value reflects the fact that ITS-90 is a defined scale and does not represent thermodynamic temperature.

Table A2. Standard uncertainty components for the n  1 single-point extrapolation method [8, 9, 10] for thermodynamic temperature. Note that for the ITS-90 temperature scale, the uncertainty component associated with thermodynamic temperature of the reference fixed point would not be included.

	Uncertainty Component
	Value

	0

(650 nm)
	

	
Monochromator scale
	0.01 nm

	
Reference detector
	0.00018 nm

	
Scattering, polarisation
	0.0006 nm

	
Out-of-band transmittance
	0.002 nm

	
Drift
	0.01 nm


	
Repeatability
	0.0018 nm

	Total 0
	0.014 nm

	Total 
(r  0.01)
	0.00014 nm

	Tref
(Gold point, 1064.18 °C)
	

	
Value from absolute radiometry 
	33 mK

	
Impurities 
	5 mK

	
Cavity bottom temperature drop
	2 mK

	
Plateau identification
	1 mK

	
Repeatability
	5 mK


	Total Tref
	34 mK

	Sref
	

	
Emissivity of fixed point
	0.01%

	
Ambient conditions
	0.002%

	
Repeatability
	0.003%

	Total Sref
	0.011%

	In-use S
	

	
SSE
	0.01%

	
Non-linearity
	0.005%

	
Gain ratios
	0.01%

	
Ambient conditions
	0.002%

	
Drift
	0.01%

	
Repeatability
	0.003%

	Total in-use S
	0.018%
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Figure A2. Uncertainty components and combined standard uncertainty for the n  1 single-point extrapolation method for relative primary thermometry and for the ITS-90 temperature scale. The uncertainty component due to  is negligible on this scale. Note that in ITS-90 the uncertainty associated with the thermodynamic temperature of the fixed point is not included.
Two-Point Interpolation Method (n  2)

This method uses two fixed points, either one pure metal fixed point and one HTFP, or two HTFPs. The two fixed-point measurement pairs (T1, S1) and (T2, S2) can be modelled using equation (1), which together with a determination of , allows 0 and C to be determined by solving the resulting two simultaneous equations. Equation (1) is then fully specified and T can be realised directly. Alternatively, the ratio of the measured values of S1 and S2 can be used to solve for 0 from a ratio of integrals of the relative spectral responsivity over Planck’s law using the centre wavelength as an adjustable parameter [11]. In either case, there are five ‘realisation’ sensitivity coefficients, 
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. Again, by after applying the Wien and zero-bandwidth approximations, these are [2]
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Equations (21) to (23) can be modified in an obvious way to represent sensitivity coefficients for relative uncertainties in S1, S2, and S, respectively.

Table A3 lists typical uncertainty components related to each of the sensitivity coefficients. The uncertainties given for the thermodynamic temperatures of the two  fixed points correspond to the values for the radiance temperatures estimated from absolute primary radiometry (from Figure A1) with the addition of appropriate components to convert radiance temperature to true temperature. Figure A3 plots each uncertainty component and the combined standard uncertainty assuming no correlations between the components:
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An extra uncertainty, due to interpolation error, should also be added in quadrature to equation (24) [6], but for narrow bandwidths this is negligible. Note that correlations associated with some of the components of the uncertainties in S1, S2, and S (e.g. non-linearity) reduce the total uncertainty somewhat [12].

Table A3. Standard uncertainty components for HTFP two-point interpolation method (n  2).

	Uncertainty Component
	Value

	Total 
(0  650 nm, r  0.01)
	0.65 nm (10% of )

	T1

(Gold point, thermodynamic value)
	

	
Value from absolute radiometry 
	33 mK

	
Impurities 
	5 mK

	
Cavity bottom temperature drop
	2 mK

	
Plateau identification
	1 mK

	
Repeatability
	5 mK

	Total T1
	34 mK

	T2

(WC-C point, 2749 °C)
	

	
Value from absolute radiometry 
	200 mK

	
Impurities 
	20 mK

	
Cavity bottom temperature drop
	14 mK

	
Identification of inflexion point
	10 mK

	
Furnace effect
	100 mK

	
Structure effect
	0 mK

	
Repeatability
	5 mK

	Total T2
	230 mK

	S1
	

	
Emissivity of fixed point
	0.01%

	
Ambient conditions
	0.002%

	
Repeatability
	0.003%

	Total S1
	0.011%

	S2
	

	
Emissivity of fixed point
	0.01%

	
Ambient conditions
	0.002%

	
SSE
	0.01%

	
Gain ratios
	0.01%

	
Repeatability
	0.003%

	Total S2
	0.018%

	In-use S
	

	
SSE
	0.01%

	
Non-linearity
	0.005%

	
Gain ratios
	0.01%

	
Ambient conditions
	0.002%

	
Drift
	0.01%

	
Repeatability
	0.003%

	Total in-use S
	0.018%
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Figure A3. Uncertainty components and combined standard uncertainty for HTFP two-point interpolation method (n  2), illustrated for the case in which the Au point and the WC-C point have been taken as the fixed points.

Three-Point Interpolation Method (n  3)

This method uses three fixed points, either one pure metal fixed point and two HTFPs, or three HTFPs. The three fixed-point measurement pairs (T1, S1), (T2, S2), and (T3, S3) can be modelled using equation (1), allowing 0, , and C to all be determined from the resulting three simultaneous equations, and thus T to be realised directly from equation (1). In this case, there are six ‘realisation’ sensitivity coefficients, 
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Equations (28) to (31) can be modified in an obvious way to represent sensitivity coefficients for relative uncertainties in S1, S2, S3, and S, respectively.

Table A4 lists typical uncertainty components related to each of the sensitivity coefficients. The uncertainties given for the thermodynamic temperatures of the three reference fixed points correspond to the values for the radiance temperatures calculated from absolute primary radiometry (from Figure A1) with the addition of appropriate components to convert radiance temperature to true temperature. Figure A4 plots each uncertainty component and the combined standard uncertainty assuming no correlations between the components:
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(32)

An extra uncertainty, due to interpolation error, should also be added in quadrature to equation (32) [6], but for narrow bandwidths this is negligible. Again, correlations associated with some of the components of the uncertainties in S1 S2, S3, and S (e.g. non-linearity) reduces the total uncertainty somewhat.

Table A4. Standard uncertainty components for HTFP three-point interpolation method (n  3).

	Uncertainty Component
	Value

	T1

(Gold point, thermodynamic value)
	

	
Value from absolute radiometry 
	33 mK

	
Impurities 
	5 mK

	
Cavity bottom temperature drop
	2 mK

	
Plateau identification
	1 mK

	
Repeatability
	5 mK

	Total T1
	34 mK

	T2

(Pt-C point, 1738 °C)
	

	
Value from absolute radiometry 
	90 mK

	
Impurities 
	10 mK

	
Cavity bottom temperature drop
	3 mK

	
Identification of inflexion point
	20 mK

	
Furnace effect
	45 mK

	
Structure effect
	0 mK

	
Repeatability
	5 mK

	Total T2
	100 mK

	T3

(WC-C point, 2749 °C)
	

	
Value from absolute radiometry 
	200 mK

	
Impurities 
	20 mK

	
Cavity bottom temperature drop
	14 mK

	
Identification of inflexion point
	10 mK

	
Furnace effect
	100 mK

	
Structure effect
	0 mK

	
Repeatability
	5 mK

	Total T3
	230 mK

	S1
	

	
Emissivity of fixed point
	0.01%

	
Ambient conditions
	0.002%

	
Repeatability
	0.003%

	Total S1
	0.011%

	S2 and S3
	

	
Emissivity of fixed point
	0.01%

	
Ambient conditions
	0.002%

	
SSE
	0.01%

	
Gain ratios
	0.01%

	
Repeatability
	0.003%

	Total S2 and S3
	0.018%

	In-use S
	

	
SSE
	0.01%

	
Non-linearity
	0.005%

	
Gain ratios
	0.01%

	
Ambient conditions
	0.002%

	
Drift
	0.01%

	
Repeatability
	0.003%

	Total in-use S
	0.018%
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Figure A4. Uncertainty components and combined standard uncertainty for HTFP three-point interpolation method (n  3), illustrated for the case in which the Au point, the Pt-C point and the WC-C point have been used as fixed-points. The uncertainty component due to S1 is almost negligible on this scale.

Least-Squares Methods (n  3)

Using more than three fixed points allows T to be realised by least-squares fitting of equation (1) to the measured (T, S) pairs. The combined uncertainty for the ‘realisation’ components is similar to that for the n  3 method, but is generally reduced by the factor
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n

, where n is the number of fixed points [13]. The additional ‘in-use’ component is the same as for each of the other methods.

Comparison of n  0, n  1, n  2, and n  3 Methods

Figure A5 shows a comparison of the combined standard uncertainty for all methods, excluding the least-squares methods. When comparing uncertainties achievable in ITS-90 and the primary thermodynamic temperature realisations, it is important to remember that the uncertainty associated with the thermodynamic temperature of the reference fixed points is not included for ITS-90 but is for the primary thermodynamic realisations. 
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Figure A5. Comparison of combined standard uncertainties for each of the examples considered above. The curve labelled n  1 gives the uncertainty in thermodynamic T extrapolated from the gold point assuming an uncertainty in the gold-point temperature as determined by absolute primary radiometry. For n = 1 (ITS-90) the thermodynamic uncertainty associated with the gold-point temperature is not included.
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� Only outlines of the methods will be given. This document is not meant to be prescriptive, and NMIs are free to implement an absolute primary radiometry temperature scale as is best suited to their local circumstances. Any description or references are given for guidance and illustrative purposes only.


� This restriction applies to other SI unit definitions as well.


� The subscript ( on Lb,( in this case indicates that the value is per unit wavelength, and is not a wavelength dependency.


� See, for a helpful treatment, CCT/10-11: Arnold Gaertner, “Index of refraction effects in blackbody temperature measurements”.


� The uncertainties include a component for the thermodynamic uncertainty of the ITS-90 fixed points. However this is so small the magnitude of the uncertainties given by Sadli et al are unchanged
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