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Purpose
This document has been produced to enhance the equivalence and mutual recognition of
calibration results obtained by laboratories.
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ABSTRACT

The International Temperature Scale of 1990, ITS-90, provides the basis for traceable
temperature calibrations using Standard Platinum Resistance Thermometers (SPRTS)
over the temperature range from the triple point of hydrogen, 13.8033 K to the freezing
point of silver, 1234.93 K. Unfortunately, it is not practical to calibrate SPRTs of the long-
stem design in sub-ranges of the ITS-90 which extend below the triple point of argon,
83.8058 K. Nevertheless, long-stem SPRTs are widely used as standards for calibrations
carried out in baths of liquid nitrogen at approximately 77.3 K, for which a limited
extrapolation of the SPRT calibration range is required. Drawing on the results and
experience from five National Measurement Institutes in Europe, the USA and Japan,
these guidelines recommend that the standard uncertainty associated with the
extrapolation of the calibration of SPRTSs in the sub-range of the ITS-90 from the triple point
of water to the triple point of argon, down to 77.3 K, is adopted as 0.15 mK (k = 1).

1 INTRODUCTION

Standard Platinum Resistance Thermometers, SPRTSs, of the long-stem design are often
calibrated in the range of temperature from the triple point of water, 273.16 K, to the triple
point of argon, TP Ar, 83.8058 K. In the International Temperature Scale of 1990, ITS-90,
this can be done using measurements at the triple points of water, mercury (234.3156 K)
and argon, and applying a two-term equation for the deviations from the specified SPRT
reference function.

Such thermometers are capable of being used to somewhat lower temperatures, and in
particular they are conveniently used as standards for the calibration of PRTs and other
thermometers in baths of liquid nitrogen. This is a relatively simple and efficient technique
in which several thermometers can be calibrated in a few hours. Unfortunately, at ~
77.3 K, the temperature of the bath is ~ 6.5 K below the range of the SPRT calibration,
and the questions arise as to what is the traceability of this procedure, and what are the
uncertainties associated with the extrapolation of the SPRT calibration range.

These questions are not discussed in either the Supplementary Information for the ITS-90
[1] or the CCT-WG3 document Uncertainties in the realisation of the SPRT subranges of
the ITS-90 [2], because the extrapolation is not a specific provision of the ITS-90.
Nevertheless, a number of NMIs, such as NIST in the USA and NPL in the UK, have for
many years made use of the extrapolation, with an additional component of uncertainty to
allow for it.

More recently the topic has been raised by laboratories which would like to make the
extrapolation but do not have the means to validate it. This document gives general
guidance to NMIs and accreditation bodies on the associated uncertainty. It is based on
Document CCT/10-20 [3], but the support for the extrapolation was also provided in three
other documents submitted to the 2010 meeting of the CCT [4-6].

2 EXPERIMENTAL BASIS FOR THE EXTRAPOLATION

Several laboratories have investigated the effectiveness of the extrapolation and the
uncertainties resulting from it, and following is a summary of the evidence from five
sources.
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2.1 NIST, USA

Section 7.5 of NIST Special Publication 250-81 [7] discusses extrapolation and states: ‘The
NIST Thermometry Group does not advocate extrapolating any calibrated SPRT beyond
the temperature range of calibration. However, in practice some of the ITS-90 temperature
subranges may be extrapolated over a small range with an additional uncertainty of less
than 1 mK [8].

Table 17 of [7] states that the uncertainty which NIST associates with the extrapolation of
the range to — 200 °C is 0.1 mK (k = 2).

Figure 21 of [8] shows the error introduced for a particular NIST helium-filled capsule-type
SPRT (cSPRT) by extrapolating the calibration below the argon triple point, and Section
2.3.5 states that ‘extrapolating downward to about the boiling point of nitrogen (77 K)
results in a fairly insignificant error in this case [~0.025 mK] and, thus, can be done with
the usual caution that some thermometers may not be as good as that of Figure 21’

2.2 NPL, UK

At NPL the extrapolation was similarly investigated using helium-filled cSPRTs which had
been calibrated throughout the cryogenic range. Calibrations down to the argon point were
compared with sub-ranges to lower temperatures (the triple points of O2, Ne and H2),
using data for 14 cSPRTs from manufacturers, in the UK, USA and Russia, now
supplemented by data from 3 recently made thermometers. The results presented below
specifically compare the calibrations in the sub-range to the TP 02, 54.3584 K, with that
to the TP Ar extrapolated to 54.3584 K. Comparisons with the other low-temperature sub-
ranges produced the same results within 0.13 mK, and all but one were within 0.05 mK at
77.3 K.

Figure 1 from [3] shows, as expected, that the differences between the sub-ranges are
zero at the fixed points and that there is some dispersion in between. This is the sub-range
inconsistency, but being experimentally determined it also includes the effects of errors or
inconsistencies in the realisation and calibration, which affect the two sub-ranges
differently. For orientation, the inner bold lines in the figure show the effect of errors of
+ 2.10°° (equivalent to about 0.5 mK) in the resistance ratio at the argon point, W(Ar), and
the bold dotted lines show the same for W(Hg). Such errors, especially at the mercury
point, would be large enough to account for all of the apparent sub-range inconsistency.
The sensitivities to errors in each sub-range are well known and have been published in
Figures 1.7d and 1.7e of [1] and Figures D8 and D9 of [2].

In the extrapolation below TP Ar, more seen clearly in Figure 2, the differences diverge,
but all but one are between - 1.9 mK and + 1.7 mK at the TP O,. The exception is a
thermometer which only just meets the ITS-90 criteria for acceptance, and it deviates by -
2.4 mK at TP O,. For this sample of 17 cSPRTs the mean difference at TP O is
(= 0.3 £ 1.2) mK (standard deviation). The maximum difference at 77.3 K is —0.26 mK and
the mean is (- 0.04 £ 0.12) mK.

These calculations were supplemented by comparisons between long-stem and capsule-
type SPRTs in liquid nitrogen (although such comparisons have significantly larger
uncertainties), and together they have supported the use at NPL of long-stem SPRTSs in
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the nitrogen bath for routine UKAS-accredited calibrations with an uncertainty of 1.7 mK

(k=2).
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Figure 1. Differences between the ITS-90 sub-ranges to the triple-points of argon and oxygen
for 17 capsule-type SPRTs [3]. The bold dotted and full lines indicate the effect of errors or
inconsistencies of + 2.10-6 in W(Hg) and W(Ar), respectively.
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Figure 2. As for Figure 1, highlighting the region below TP Ar
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2.3

24

2.5

LNE, France

LNE has built an apparatus for the calibration of long-stem SPRTs in liquid nitrogen with
uncertainties in the region of 2 mK, using capsule-type SPRTs which have been calibrated
at least down to the oxygen triple-point [4]. The differences (TSPRT — TcSPRT) for 8 SPRTs
from four sources were in the range 0 to 2.3 mK.

The accuracy of the extrapolation of the cSPRT calibrations below the TP Ar was also
checked, as at NIST and NPL: the mean difference for 7 cSPRTs from four sources was
0.25 mK with an uncertainty of 0.3 mK.

It was concluded that the bias and uncertainty coming from the extrapolation was not the
main component of uncertainty, and that for routine calibration it is possible to use the
extrapolated value of SPRTs with an uncertainty which mainly takes into account the
uncertainty at the water, mercury and argon points propagated down to 77 K.

NMIJ, Japan

The NMIJ document [5] shows the differences between the calibrations in the sub-ranges
to the TP Ar and TP O2 for five cSPRTSs, and it also considers a further seven cSPRTs from
the CCT Key Comparison, CCT-K2 [9]. For these thermometers the standard uncertainty at
77.3 K due to the extrapolation is estimated to be 0.17 mK.

The uncertainties of the calibration of long stem SPRTs at the water, mercury and argon
triple points, propagated down to 77.3 K, is five times larger than this, and the uncertainties
of comparisons in a liquid nitrogen bath is ten or more times larger. These comparisons
showed differences between about —1.0 mK to + 1.5 mK, for 9 SPRTs, a similar range of
values to those at LNE.

On the basis of their findings, NMIJ has recommended that calibration laboratories in Japan
add an uncertainty component of 0.17 mK (k =1) to their uncertainty budgets for comparison
calibrations in liquid nitrogen, to allow for the SPRT extrapolation.

INRIM, Italy

Finally, at INRiM data for a total of 22 cSPRTs with calibrations from IMGC (now INRiM),
and also from NPL and NRC, have been investigated [6]. The differences at 77.3 K between
the subrange to TP O2 and the extrapolated sub-range to TP Ar were found to lie in the
range from —0.43 mK and + 0.22 mK. These results are consistent with the findings at NPL,
NMIJ and the other laboratories.

CONCLUSIONS AND RECOMMENDATIONS

For the purposes of providing guidance it is necessary to consider whether the results and
procedures of NIST and NPL and elsewhere can be generalised to other SPRTs and
adopted by NMIs where only limited internal checks are possible and, if so, what uncertainty
should be recommended for the extrapolation.
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Given that SPRT characteristics are highly reproducible from one to the next, it seems
unlikely that a markedly different behaviour would be found in any SPRT (long-stem or
capsule-type) which meets the ITS-90 criteria, though there is no absolute proof of this. The
uncertainty of an extrapolation to TP O2, if it is based on the upper limit as found at NPL
(2.4 mK), may be significant with respect to other uncertainties in the use of an SPRT.

On the other hand, at 77.3 K the dispersion is still relatively small (about half the dispersion
in the interval between TP Ar and TP Hg), and it is therefore reasonable to accept the
extrapolation and to generalise the result to all SPRTSs. If the NPL sample of SPRTs is taken
as representative, with an additional component of uncertainty at 77.3 K of 0.26 mK (upper
limit), the standard uncertainty is 0.26/3 = 0.15 mK.

This additional uncertainty is of similar magnitude to the maximum uncertainty due to Type 1
non-unigueness (sub-range inconsistency) in the argon-to water sub-range found by Meyer
and Tew [10] (see also Section 7.1 of [2]). It encompasses all the results for the NPL sample
of 17 cSPRTSs without making any allowance for the fact that much of the dispersion is likely
to be experimental in origin.

It is therefore recommended that 0.15 mK is adopted as the standard uncertainty in
extrapolating the calibration of SPRTSs in the subrange of the ITS-90 from the triple point of
water to the triple point of argon, down to 77.3 K.

It should be clear that this recommendation only applies to extrapolations of SPRTs which
meet the requirements of the ITS-90, and that extrapolations of the calibrations of other
PRTs must be checked by comparison with SPRTs. Moreover, the uncertainty of the
extrapolation is in addition to the components relating to the propagation of the uncertainties
in the SPRT calibration at the triple points of argon and mercury.

It is further recommended that, as for other comparison calibrations, at least two SPRTs
should be used as standards, this being particularly important for comparisons in liquid
nitrogen to ensure that their calibrations are mutually consistent.
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