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Abstract The article describes and evaluates the possibility of using a high-tem-
perature blackbody of accurately known thermodynamic temperature as a reference
source for the determination of lower thermodynamic temperatures by spectral radi-
ation thermometry. By applying various intermediate steps, this approach will allow
spectral radiation thermometry to be used for the determination of the thermodynamic
temperature of the triple point of water with a low uncertainty. The procedure for such
an attempt is outlined, theoretical, and practical limits of the resulting uncertainty
in thermodynamic temperature are given. The described experimental approach also
provides a framework to calculate the uncertainties in determining the thermodynamic
temperatures of the defining high-temperature fixed points of the International Tem-
perature Scale of 1990 down to the triple point of water. The estimation of uncertainties
is based on current and future values of the relevant contributing components. The
uncertainty anticipated in determining the thermodynamic temperature of the triple
point of water is 24 mK with current uncertainties and 1.9 mK in the future. Thus, the
described approach yields uncertainties that are slightly higher, but comparable to,
the tentative uncertainties of other methods—e.g., dielectric constant gas thermom-
etry developed and applied within the framework of the new determination of the
Boltzmann constant.
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1 Introduction

High-temperature measurements (above 961.78°C) carried out according to the pre-
scriptions of the International Temperature Scale of 1990 (ITS-90) compare the spec-
tral radiance of a blackbody of unknown temperature to that of a blackbody at the
temperature of freezing silver, gold, or copper. It is a well-known consequence of
relative radiation thermometry that the uncertainty of the reference temperature Tiet
propagates to the uncertainty of the measured temperature Tieas via [1]

Tineas 2
U (Tmeas) = | = ) u (Trer) (1
( Trer )

This fact limits the achievable uncertainty of the ITS-90 in the high-temperature
range as the uncertainty of the silver, gold, or copper fixed-point temperature is prop-
agated to the uncertainty of the ITS-90 temperature, Too, of the unknown radiation
source. Starting with the uncertainty of the thermodynamic temperature of freezing
gold of 50mK, the theoretical limit of the uncertainty in thermodynamic tempera-
ture near 3,250K measured according to the ITS-90 is about 300mK. It has been
shown recently that high thermodynamic temperatures can be measured directly and
independently of the ITS-90 by absolute radiometry, i.e., by using absolutely cal-
ibrated filter radiometers [2,3]. The spectral responsivity of such absolutely cali-
brated filter radiometers has to be traceable to a cryogenic radiometer, the primary
detector standard [4]. Using absolute radiometry, high thermodynamic temperatures
can be measured with uncertainties as low as those from, or even lower than those
achieved with the ITS-90 methodology [2]. Equation 1 shows that by using a high-
temperature blackbody as a reference source for radiation thermometry, the mea-
surement of lower temperatures can be performed with uncertainties much lower
than that of the reference source. Consequently, if the temperature of the high-tem-
perature reference has been measured by absolute radiometry with an uncertainty
lower than that achieved by the ITS-90, then the thermodynamic temperatures of fixed
points at lower temperatures can be determined, in principle, with uncertainties lower
than those of the ITS-90. The applicability of such an approach is described in this
article.

According to the worldwide effort in re-determining the Boltzmann constant, a rel-
ative uncertainty in thermodynamic temperatures of about 1 to 2 ppm is envisaged in
2009 [5], i.e., about 250-500 K at the triple point of water (TPW). Using a high-tem-
perature fixed point as a reference source for a radiation-thermometric determination
of the TPW, an uncertainty of about 35-70mK in the thermodynamic temperature
of a blackbody at 3,250K is necessary to achieve an uncertainty of 250-500nK at
the TPW. The present article highlights the necessary requirements and the feasibility
of such an approach, estimates the uncertainty that can currently be obtained, and
anticipates what will be possible in the future.
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2 Uncertainty of the Determination of the Thermodynamic Temperature
of a High-Temperature Blackbody

The radiometric measurement of thermodynamic temperatures described in this article
is based on the determination of the radiance emitted by a blackbody. The tempera-
ture 7 of the blackbody can then be calculated from the measured radiance L using
Planck’s law of radiation;

s T)_th2 1 @
P exp () — 1

where A is Planck’s constant, k is Boltzmann’s constant, c is the velocity of light, n is
the index of refraction, and X is the wavelength.

Filter radiometers are used to determine the radiance within a limited wavelength
interval. The selection of the center wavelength of the filter radiometer is crucial
because the uncertainty in temperature u (7) generated by the uncertainty u (L) of
the measured radiance L strongly depends on the wavelength [6]

eXP (gair) =1 okn u(L)

xp (gir)  he L

up (T) = 3

Equation 3 can be derived from Planck’s law of radiation according to the law of
propagation of uncertainty [7]. Equation 3 shows that the center wavelength of the
filter radiometer should be chosen to be as short as possible in order to minimize the
temperature uncertainty for a given uncertainty in radiance. However, the radiance of
a blackbody decreases with decreasing wavelength on the short-wavelength side of
its maximum. Consequently, the uncertainty of the radiance below a certain radiance
level is dominated by the limited detectivity of the detector in the filter radiometer
and increases with decreasing wavelength. The selection of the wavelength of the
filter radiometer is therefore a compromise between the intention (i) to measure the
blackbody’s radiance with a low uncertainty and (ii) to achieve a low temperature
uncertainty when the blackbody’s temperature is calculated from its radiance. This
compromise depends on the temperature of the blackbody and on the quality of the
detectors available for the corresponding wavelength range.

In order to measure the spectral responsivity with the lowest uncertainties, detectors
with the best characteristics have to be used. Quantum detectors have proven to be
superior to thermal detectors with respect to stability, detectivity, and linearity. Within
the quantum detectors, photovoltaic detectors are superior to photoconductive detec-
tors [8]. Table 1 is a rough selection guide for detectors with respect to the range of
blackbody temperatures. It lists relevant detector features, such as detectivity, noise
equivalent power (NEP), and shunt resistance together with the estimated lower limit
of the blackbody’s temperature for which the detector is considered suitable.

Silicon photodiodes are best suited to the measurement of radiation emitted by
high-temperature radiation sources, i.e., for temperatures above 850K (see Table ).
For lower temperatures, detectors based on materials other than silicon have to be used.
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Table 1 Selection guide: typical data for the detectors best suited to the measurement of the respective
temperature

Detector material Si InGaAs Extended InGaAs InSb

Peak wavelength (nm) 960 1,600 2,300 5,000
Detectivity 6 x 1014 3 x 1013 2 x 1012 1.6 x 101!
(cm-Hz!/2. w1y

NEP (W-Hz~1/2) 1 x 1071 1 x 10714 1.8 x 10712 1.6 x 10712
Detector size, diameter (mm) 3 3 3 3

Max. responsivity (A-W~1) 0.62 12 12 2.5

Lowest measurable 933 692 429 273
fixed-point temperature (K)

Typical signal at lowest 13x 10~ 1 15x10710 20x 10710 25%x 107

measurable fixed-point
temperature (A)

InGaAs is a mixed-crystal semiconductor material for the fabrication of photodiodes
with a spectral responsivity peaking in the near-infrared (NIR) region. Common pho-
todiodes made from InGaAs have a maximum spectral responsivity around 1,600 nm
and can be used for temperatures down to about 500 K. For even lower temperatures,
NIR-extended InGaAs photodiodes can be applied that are made up of InGaAs with
a higher InAs content. These photodiodes exhibit maximum spectral responsivity in
the vicinity of 2,500 nm and enable the measurement of radiation temperatures down
to about 270 K. Below 270K, InAs and InSb photodiodes with a spectral responsivity
maximum above 2,500 nm can be used.

The photocurrent Iphoto of a filter radiometer when measuring the radiation of a
blackbody can be calculated according to

oo oo

Iphoto = /Sirr MEy (X, T)ydr =¢G / Sirr (A) LA,S (A, T)dA, “4)
0 0

with G describing the geometry, s, (A) represents the spectral irradiance responsivity
of the filter radiometer, E; (A, T') denotes the spectral irradiance at the position of the
filter radiometer, and L) (A, T') is the spectral radiance of the blackbody according
to Planck’s law of radiation. ¢ is the emissivity of the blackbody, T is the tempera-
ture of the blackbody, and A is the wavelength. Within the passband of narrow-band
interference filter radiometers, the spectral variation of Planck’s law of radiation can
be neglected for the purpose of the uncertainty calculation and Eq. 4 can be rewritten
as follows [9]:

00 00
Iphoto = SG/Sirr (M) Lys A, T)dr = eGLy s (e, T)/sirr (2)dr, (5)
0 0

where A is the center wavelength of the filter radiometer calculated according to
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Ofoksirr (A)dA
Ae = 2 (©6)

ofosm (A)da
0

According to Eq. 5, three major uncertainty contributions have to be considered
when measuring the thermodynamic temperature of a blackbody. They arise from (i)
the absolute spectral responsivity of the filter radiometer, (ii) the geometry factor G
of the measurement, including the emissivity of the blackbody, and (iii) the numeri-
cal calculation of the temperature using the measured photocurrent. In the following,
these three components are considered separately. For each contribution, the current
lowest uncertainties and the foreseen best future uncertainties are given.

2.1 Spectral Responsivity

Currently, the lowest uncertainties in the calibration of the spectral responsivity can
be obtained in the visible spectral range using silicon photodiodes [10]. Table 2 sum-
marizes the uncertainty components for the spectral responsivities at the shortest
wavelength currently used with absolutely calibrated filter radiometers at the Physi-
kalisch-Technische Bundesanstalt (PTB), i.e., 476 nm. As mentioned above, the center
wavelength of the filter radiometer should be as short as possible to achieve the low-
est uncertainties in temperature. The current limit of 476nm is due to the lack of
sufficiently narrowly spaced additional laser lines at lower wavelengths for the cali-
bration of the transfer detector against the cryogenic radiometer [4, 10]. In the future,
a frequency-doubled Ti:sapphire laser is intended to be used to calibrate the trans-
fer detector, which is usually a trap detector, against the cryogenic radiometer down
to 350nm. This trap detector will then be used to calibrate the filter radiometers at
400nm (and even 350 nm) center wavelengths with uncertainties as low as, or even
lower than, those in the visible spectral range. The use of silicon photodiodes at UV
wavelengths has been investigated thoroughly, and no additional uncertainties are ex-
pected for wavelengths above 300nm [11]. The use of a monochromator grating with
a line density increased by a factor of two would increase the wavelength accuracy by
a factor of two. A larger input aperture of the trap detector and the filter radiometer
enabled by larger silicon photodiodes will reduce the uncertainty due to diffraction
effects and the aperture area by a factor of two also.

2.2 Geometry

The geometry of the experiment is shown in Fig. 1. The main features are the areas
of the two precision apertures and the distance between them. They allow for the
determination of the radiance of the blackbody in terms of the irradiance measured
by the filter radiometer. Table 3 shows the current and future uncertainty contribu-
tions arising from the geometric data and the emissivity of the blackbody cavity.
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Table 2 Uncertainty of the absolute spectral irradiance responsivity of silicon-based filter radiometers in
relative units of 10~%

Current Future

Wavelength (nm) 476 476 400 350
Temperature (°C) 3,000 3,000 3,000 3,000
Filter radiometer. abs. calibration
Spectral responsivity of transfer detector 1.6 0.5 0.8 1.0
Nonlinearity correction of transfer detector 0.2 0.2 0.2 0.2
Aperture area of transfer detector 0.8 0.8 0.8 0.8
Diffraction correction 1.0 0.5 0.5 0.5
Distance from exit slit 0.3 0.3 0.3 0.3
Temperature coefficient of transfer detector 0.1 0.1 0.1 0.1
Temperature coefficient of filter radiometer 0.5 0.5 0.5 0.5
Homogeneity of spectral comparator beam 0.2 0.2 0.2 0.2
Stability of tungsten halogen lamp 0.2 0.2 0.2 0.2
Uncertainty of center wavelength (current, 8 pm;

future, 4 pm) 0.7 0.4 0.6 0.9
Total filter radiometer abs. calibration 2.3 1.3 1.5 1.8

filter radiometer unit
High-temperature precision

blackbody

apertures interference
\ filter
\

A2

photodiode

Fig. 1 Geometry of absolute radiometry for measurement of the thermodynamic temperature of high-
temperature blackbody

Only the uncertainty contributions due to the diffraction correction might be reduced
in the future.

2.3 Measurement of the Photocurrent and Calculation of the Thermodynamic
Temperature

The uncertainty of the photocurrent measurement is determined by the noise of the pho-
tocurrent, the calibration of the current-to-voltage converter, and the digital voltmeter.
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Table 3 Uncertainty contributions of the geometric data in relative units of 1074

Current Future

Wavelength (nm) 476 476 400 350
Temperature (°C) 3,000 3,000 3,000 3,000
Geometry (irradiance to radiance)
Area of BB aperture (20 £ 0.0002 mm) 0.2 0.2 0.2 0.2
Thermal expansion of BB aperture 0.01 0.01 0.01 0.01
Diffraction correction 1.5 1.0 1.0 1.0
Aperture distance (current, 30um @ 1,000 mm;

future, 15 pum) 0.6 0.3 0.3 0.3
Emissivity of BB 1.0 1.0 1.0 1.0
Total geometry 1.9 1.5 1.5 1.5

Table 4 Contributions to the uncertainty of the photocurrent measurement and numerical integration in
relative units of 104

Current Future
Wavelength (nm) 476 476 400 350
Temperature (°C) 3,000 3,000 3,000 3,000
Measurement of photocurrent
Photocurrent noise 0.5 0.5 0.5 0.5
Calibration of I/U-converter 1.0 0.5 0.5 0.5
Calibration of digital voltmeter 0.2 0.2 0.2 0.2
Numerical calculation of photocurrent integral 0.5 0.5 0.5 0.5
Refractive index of air, n 03 0.3 0.3 0.3
Boltzmann constant, K (CODATA 1998) 0.2 0.2 0.2 0.2
Total photocurrent measurement 1.3 1.0 1.0 1.0

Calculation of the thermodynamic temperature then requires numerical calculation of
photocurrent integral 162 of Planck’s law, and knowledge of the index of refraction in
air. These sources of uncertainty together with the resulting combined uncertainty are
given in Table4. The calibration of the current-to-voltage converter is the only con-
tribution that might be reduced significantly in the future by using specially adopted
current-to-voltage converters.

2.4 Overall Uncertainty of the Thermodynamic Temperature Measurement

The overall uncertainty of the radiance of the high-temperature blackbody is the square
root of the sum of the aforementioned three components, and it is given in Table 5 for
the current and future values of the contributing uncertainties. The uncertainty of the
thermodynamic temperature of the blackbody can be calculated from the uncertainty
of the spectral radiance measurement according to Eq. 3, and it is also given in Table 5.

The thermodynamic temperatures of a high-temperature blackbody at about 3,250 K
can currently be measured with an uncertainty of 115 mK. Considering the aforemen-
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Table 5 Total relative uncertainty of the radiance measurement of the high-temperature blackbody in 10~4
and the resulting uncertainty in the thermodynamic temperature in mK

Current Future

Wavelength (nm) 476 476 400 350
Temperature (°C) 3,000 3,000 3,000 3,000
Total filter radiometer abs. calibration 23 1.3 1.5 1.8
Total geometry 1.9 1.5 1.5 1.5
Total photocurrent measurement 1.3 1.0 1.0 1.0
Total uncertainty 3.2 22 2.3 2.5
Temperature equivalent (mK) 115 77 69 64

tioned improvements, this uncertainty can be reduced to about 64 mK in the future.
According to Eq. 1, a direct comparison of the high-temperature blackbody at 3,250 K
with a blackbody at the TPW by an ideal radiation thermometer would result in an
uncertainty in the temperature of the TPW of 850 WK currently and 450 uK in the
future. However, direct comparison of a blackbody at 3,250K and a blackbody at
273.16K is not possible due to the wavelength dependence of Planck’s law of radi-
ation and the detectivity of the detectors. To account for this, several intermediate
steps must be included, preferably using defining fixed points of the ITS-90 [12]. This
procedure is outlined and described in the next section.

3 Radiaton Thermometry to Reach the Triple Point of Water

The determination of the temperature of the TPW by radiation thermometry relative
to a high-temperature blackbody is proposed through the successive use of different
radiation thermometers. The measurements described below can either be performed
using fixed-point blackbodies or heat-pipe blackbodies. The fixed-point blackbodies
offer a direct link to the present ITS-90 and offer ultimate reproducibility though
with the lack of geometrical flexibility, while the heat-pipe blackbodies offer wider
flexibility regarding geometry and temperatures.

The lowest fixed-point temperature where silicon photodiodes are best suited for
radiation thermometry is that of the aluminum fixed point at 660.323°C, i.e., 933.473K
[12]. Using the high-temperature blackbody with its accurately measured thermody-
namic temperature as the reference source, the temperatures of the gold, silver, and
aluminum fixed-points can be determined by relative radiation thermometry. To evalu-
ate the uncertainty contribution arising for these measurements, a high-accuracy radi-
ation thermometer, e.g., the LP3 from IKE Stuttgart (Germany),l is used as a practical
device. Knowledge of the relative spectral responsivity of the radiation thermometer,

! References to commercial products are provided for identification purposes only and constitute neither
endorsement nor representation that the item identified is the best available for the stated purpose.
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its non-linearity, its stability, and its size-of-source effect (SSE) are necessary for the
uncertainty determination. As the radiation thermometer is only used as a transfer
instrument, only the short-term stability is important. The short-term stability of the
LP3 radiation thermometer is about 1 x 10~* and can be reduced to 0.5 x 10~ in the
future. The spectral responsivity can be measured much like that of a filter radiometer.
As only the relative spectral responsivity is needed, some components of Table2 do
not apply. Non-linearity of silicon photodiodes in the wavelength range from 600 to
900 nm has been found to be on the order of 1 x 10~# in the photocurrent range from
10719 t0 1073 A [4]. The SSE of the LP3 radiation thermometer has been determined
in the literature several times and is of the order of some 10, but can be corrected.
The remaining uncertainty is below 0.5 x 10~*. The final uncertainty for the radiation
thermometer is given in Table 6.

To calculate the uncertainty of the measured temperature 7' using radiation ther-
mometry, the following equation is used [6]:

. AT? u(0)\> (T 1u(x)2 T2T ?
= (hc/k 0 ) +( (T_f_) A ) " (T_f) Tret)

\/M2Q(T) +ul(T) +ud (T). %)

Q denotes the ratio of the photocurrents measured by the radiation thermometer when
viewing the high-temperature reference source at temperature 7rf and the source to be
measured at temperature 7. The parameter Q includes the uncertainty due to the rel-
ative spectral responsivity, the linearity, the photocurrent measurement, and the SSE.
The resulting uncertainty in thermodynamic temperature of the aluminum, silver, and
gold fixed points obtained by relative radiation thermometry with respect to the high-
temperature blackbody is calculated according to Eq. 7 and is also given in Table 6. The
current uncertainties in measuring the thermodynamic temperatures of the aluminum,
silver, and gold fixed points are 15, 22, and 26 mK, respectively, and can be reduced
to 8, 13, and 14mK, respectively, in the future. These uncertainties are a factor of
two to three lesser than the presently available uncertainties of the defined fixed-point
temperatures of the ITS-90 with respect to thermodynamic temperature. If the spectral
irradiance of the fixed point is directly measured with an absolutely calibrated filter
radiometer, uncertainties can be achieved that are lower than those associated with the
ITS-90 assignment of the fixed-point temperature, but significantly higher than the
results obtained by relative radiation thermometry with respect to the high-tempera-
ture blackbody. The reason for this is that, on the one hand, a longer wavelength has
to be used to measure the absolute irradiance of the low-temperature fixed points and,
on the other hand, a small precision aperture has to be used to define the radiating area
of the fixed-point blackbodies. The uncertainty that can be obtained by directly mea-
suring the thermodynamic temperature of the aluminum fixed point with absolutely
calibrated filter radiometers is 19 mK currently and should be 15 mK in the future.
Using the Al fixed point, the lowest fixed point measurable with silicon photodi-
ode-based radiation thermometers, as a reference source for the measurement of the
Sn fixed-point, an alternative radiation thermometer with a spectral responsivity maxi-
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Table 6 Current and future uncertainties of the temperatures of the silver, gold, or aluminum fixed points
determined by relative radiation thermometry against a high-temperature blackbody

Current Future
Fixed-point Gold Silver  Aluminum  Gold Silver Aluminum
Fixed-point 1064.18 961.78 660.323 1064.18  961.323  660.323
temperature (°C)
Wavelength of the 650 650 900 650 650 900
radiation thermometer
(nm)
Reference 3,000 3,000 3,000 3,000 3,000 3,000
temperature (°C)
uq(T) Radiation thermometer (RT), relative calibration
Spectral responsivity 0.6 0.6 0.6 0.3 0.3 0.3
transfer detector
Nonlinearity 0.2 0.2 0.2 0.2 0.2 0.2
correction transfer
detector
Aperture area of - - - - - -
transfer detector
Diffraction correction  — - - - - -
transfer detector
Distance from exit slit — - - - - -
Temperature 0.1 0.1 0.1 0.1 0.1 0.1
coefficient transfer
detector
Temperature 0.5 0.5 0.5 0.3 0.3 0.3
coefficient RT
Homogeneity of 0.2 0.2 0.2 0.2 0.2 0.2
spectral comparator
beam
Stability of tungsten 0.2 0.2 0.2 0.2 0.2 0.2
halogen lamp
Relative spectral 0.9 0.9 0.9 0.6 0.6 0.6
responsivity of RT
Non-linearity of RT 1.0 1.0 1.0 0.5 0.5 0.5
Short-term stability 1.0 1.0 1.0 0.5 0.5 0.5
0Of RT
Size-of-source effect 0.5 0.5 0.5 0.5 0.5 0.5
of RT
uy (T) Uncertainty in 8 8 8 4 4 4
wavelength of RT
(pm)
uTref (T)  u(Trer =3,000°C) 115 115 115 64 64 64
u(T) Temperature 26 22 15 14 13 8

equivalent total
(mK)
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Table 7 Current and future uncertainties of the temperature of the Sn fixed point determined by relative
radiation thermometry against the Al fixed point

Current Future

Wavelength (nm) 1,550 1,550
Temperature (°C) 231.928 231.928
Reference temperature (°C) 660.323 660.323

uq (T) Radiation thermometer (RT), relative calibration
Spectral responsivity transfer detector 3.0 0.4
Nonlinearity correction transfer detector 0.2 0.2
Aperture area of transfer detector - -
Diffraction correction transfer detector - -
Distance from exit slit - -
Temperature coefficient transfer detector 0.5 0.1
Temperature coefficient radiation thermometer 0.5 0.5
Homogeneity of spectral comparator beam 0.2 0.2
Stability of tungsten halogen lamp 0.2 0.2
Relative spectral responsivity of RT 3.1 0.7
Non-linearity of RT 1.0 0.3
Short-term stability of RT 1.0 0.3
Size-of-source effect of RT 0.5 0.3

uy (T) Uncertainty in wavelength of RT (pm) 25 8

utref (T) u (Typef = 660.323°C) 15 8

u (T) Temperature equivalent total (mK) 11 4

mum further in the infrared region of the optical spectrum has to be used. According to
Table 1, InGaAs photodiodes with a maximum spectral responsivity around 1,550 nm
can be used in this temperature range. The detectivity of such InGaAs photodiodes is
about a factor of 10 lower than the detectivity of silicon photodiodes and, therefore,
requires a significantly longer integration time. The spectral responsivity of InGaAs
detectors can be measured at PTB with uncertainties comparable to those of silicon
photodiodes [13]. The relevant current and future uncertainties contributing to the
total uncertainty of the measurement of the thermodynamic temperature of the Sn
fixed point are shown in Table7. The total measurement uncertainty of the thermo-
dynamic temperature of the tin fixed point is currently 11 mK and can be reduced to
4mK in the future.

For the last step from the Sn fixed-point temperature to the TPW, extended InGaAs
photodiodes have to be used. As the temperature of the TPW is significantly below
ambient temperature, the influence of the background radiation on the measured sig-
nals has to be considered or, preferably, prevented. To avoid undesired influence of
the background radiation, the measurements of this last step will be performed using
the low-background facility of PTB [14]. This facility offers an optical path that is
cooled to liquid-nitrogen temperature, yielding negligible background radiation. The
measurements at the low background facility are also performed under vacuum, pre-
venting problems with absorption by water vapor and other gases. Using this low
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background facility, the influences of background radiation and absorption on the
measured signal of the TPW will be negligible. The uncertainty for the measurement
of the spectral responsivity at wavelengths around 2,300 nm is currently considerably
higher than in the spectral region below 1,700 nm and is estimated to be about 0.2%.
Using tunable laser radiation in the future will reduce this uncertainty to the value cur-
rently obtainable in the spectral region below 1,700 nm. Table 8 shows the uncertainties
that have to be taken into account when measuring the thermodynamic temperature of
the TPW using extended InGaAs photodiodes. According to Table 8, the uncertainty
in the thermodynamic temperature of the TPW obtainable with radiation thermometry
is estimated to be 24 mK currently and can be lowered to 1.9 mK in the near future.
Figure2 schematically shows the four-step approach to measure the thermodynamic
temperature of the TPW by radiometric methods with lowest uncertainties.

4 Discussion
Already today, radiation thermometry at PTB enables the thermodynamic temperature

of the defining fixed points of the ITS-90 down to the aluminum fixed-point tempera-
ture to be determined with uncertainties lower than those associated with the ITS-90

Table 8 Current and future uncertainties of the temperature of the TPW determined by relative radiation
thermometry against the Sn fixed point

Current (estimated) Future

Wavelength (nm) 2,300 2,300
Temperature (°C) 0.01 0.01
Reference temperature (°C) 231.928 231.928
uq (T) Radiation thermometer (RT), relative calibration
Relative spectral responsivity transfer
detector 20.0 0.4
Nonlinearity correction transfer detector 1 0.2

Aperture area of transfer detector - -
Diffraction correction transfer detector - -
Distance from exit slit - -

Temperature coefficient transfer detector 1 0.1
Temperature coefficient radiation thermometer 0.5 0.3
Homogeneity of spectral comparator beam 0.2 0.2
Stability of tungsten halogen lamp 0.2 0.2
Relative spectral responsivity of RT 20.1 0.6
Non-linearity of RT 1.0 0.5
Short-term stability of RT 1.0 0.5
Size-of-source effect of RT 1.0 0.5

uy (T) Uncertainty in wavelength of RT (pm) 25 8

uTtref (T) u (Tef =231.928°C) 11 4

u (T) Temperature equivalent total (mK) 24.4 1.9
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Fig. 2 Schematic representation of the four-step approach to measure the thermodynamic temperature of
the TPW with radiometric methods with lowest uncertainties. The challenge of the huge difference in the
spectral radiance in the case of the TPW temperature measurement with respect to the tin point is addressed
by using a wider bandwidth of about 250 nm and a longer integration time

assigned values. In the near future, even the thermodynamic temperatures of the zinc
and tin fixed points will be measurable with uncertainties lower than those of the
current ITS-90 values.

It has been shown that the uncertainty in the determination of the thermodynamic
temperature of the TPW using radiation thermometry is currently about 24 mK and
can be lowered to 1.9 mK in the near future. A purely hypothetical approach to measur-
ing the thermodynamic temperature of the TPW using extended InGaAs photodiodes
directly with respect to the Al fixed point or the HTBB at 3,250K would result in
uncertainties of 1.8 and 1.6 mK, respectively. However, such measurements do not
seem realistic, as the ratio of the signals at the Al fixed point and at 3,250K to those
at the TPW are on the order of 107 and 10°, respectively.

The uncertainty of 1.9 mK achievable by radiation thermometry in the near future
is slightly higher than, but comparable to, the target uncertainties of other absolute
thermometric methods and show that radiation thermometry, in principle, allows mea-
surements of the TPW temperature with sufficiently low uncertainty. If an effort to
improve the spectral responsivity measurement is increased considerably, requiring,
in particular, significant improvements in the performance of NIR photovoltaic detec-
tors, the uncertainties can be significantly lowered, resulting in uncertainties of the
thermodynamic temperature of the TPW less than 1 mK.
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