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1 Executive Summary

Introduction

This project addressed outstanding high-priority issues in temperature measurement for the international
metrology (measurement science) community. In particular the methods and data generated here are being
used to prepare the international measurement community for the forthcoming redefinition of the kelvin in
2018. The project developed National Measurement Institute capabilities for making and disseminating high-
temperature (> 1000 °C) and low-temperature measurements (< 1 K) directly linked to the forthcoming new
kelvin definition, and in addition, generated the lowest-uncertainty data ever achieved for the international
temperature scale of 1990 (ITS-90).

The Problem

The kelvin (K), the SI unit of temperature in the International System of Units, will be redefined in 2018 as
part of the Committee for Weights and Measures (CIPM) program to redefine all SI base units in terms of
fundamental physical constants. The kelvin will be redefined in terms of a fixed value of the Boltzmann's
constant.

To ensure the redefinition is successful, the transition must be supported by accurate primary thermometry
methods and a robust and documented mise en pratique (MeP-K) that allows the new definition to be
realised in practice at National Measurement Institutes (NMIs). Ahead of the redefinition the Bl P M6 s
Consultative Committee for Thermometry (CCT) identified the following high-priority requirements in primary
thermometry:

1 The determination of transition temperatures for the high temperature fixed points to be used for realising
and disseminating high-temperatures.

1 Atrial of the methods proposed in the mise en pratique for the dissemination of high-temperatures.

1 More reliable, low-uncertainty values of the differences between the ITS-90 and thermodynamic
temperature for the MeP-K, and potential future temperature scale.

1 New measurements of the differences between PLTS-2000 and thermodynamic temperature for the
MeP-K and improved calibration of temperature sensors below 1 K.

From the outset of the project it was realised these steps were a long-term process and would require a
follow-on project. The InK 2 project was started in June 2016 to complete the work begun in InK 1.

The Solution

The assignment of thermodynamic temperatures to the new HTFPs will make available a completely new
generation of fixed points for temperature dissemination and scale comparison

Comparison of two completely different methods of radiometric measurements at high temperatures will
enabling the temperature community to choose the most appropriate dissemination and comparison method
New reliable values of T Teo with the potential to reduce the uncertainties in the current best estimates.
The current PLTS-2000 is based on discrepant data (of order of 6 %) at the lowest temperatures; This very
unsatisfactory will begin to be resolved through developing three independent reliable thermodynamic
thermometer measurements to determine T i Tazoo0.

Impact

The project has made advances in temperature measurement which will be particularly important in
supporting the international thermometry community in the transition to the new definition of the kelvin in
2018.

Dissemination of results

The results of the project have been shared widely throught the thermometry community. 63 papers have
been published in journals (listed in the next section), and it is likely that further papers will be published
incorporating work from this project with the InK 2 project. A Royal Society workshop, Towards implementing
the new kelvin, was held in May 2015 and proved a fitting climax to the project, with many new and important
results presented. All presentations, linked to InK 1, from the event have been published in a special edition
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of the Philosophical Transactions of the Royal Society A., Vol. 374, March 2016. This volume will serve as
the most important method of dissemination and will prove to be an enduring record of the InK 1 project.

Other dissemination activities include annual reports to the CCT and Regi onal Metrol ogy

Technical Committees for Thermometry, and invited presentations at international conferences.

Immediate impact
The project has achieved immediate impact in four technical areas:

1. For the first time, definitive transition temperatures for a set of high-temperature fixed points have been
determined, and the Cu freezing point has been re-determined. These new values have been published
and will, when further work to assign final uncertainty components for furnace and impurity effects, be
recommended to the CCT for inclusion in the next version of the mise en pratique (MeP-K).

2. For the first time, a comparison of two MeP-K recommended approaches for disseminating high-
temperatures have been trialled and compared. The work has been published, and the outcomes have
been discussed at the CCT Working Group for non-contact thermometry. Recommendations to the CCT
have been made on the basis of these findings, and will help the thermometry community to objectively
decide which is the most appropriate dissemination approach for high-temperatures.

3. The worl dés | owest u n cl€-90 aas hdely undktakea inrthie maage iofc2h K o f
303 K, some of which was performed by two independent temperature measurement methods. This data
has been considered by the CCT Working Group for Contact Thermometry for inclusion in a revision of
the thermodynamic temperature data annex of the MeP-K.

4. For the first time since its inception, PLTS-2000 has been comprehensively investigated using
independent methods in the temperature range of 0.02 K to 1 K. The approaches developed here will be
used in the follow-on InK 2 project to evaluate PLTS-2000 over its complete range (i.e. down to 0.9 mK
above absolute zero).

Potential future impact

The results of this project, when combined with those of the InK 2 project, will make a major and enduring
contribution to the thermometry community through the recommendations made to the CCT, and through the
provision of new and more accurate temperature data to refine the current temperature scales. The methods
and data developed here will support the successful realisation of the redefined kelvin through the
development of an effective mise en pratique, and in the longer term potentially inform a future temperature
scale.

2 Project context, rationale and objectives

The need for the project
Background

Nearly all temperature measurement around the world is currently based on traceability to a defined scale
either the ITS-90! or, below 1 K, the PLTS-20002. Defined scales are used because, whilst more
fundament al , primary methods, based on an equ dave
been intrinsically less reliable, with higher uncertainties. However recent technical innovations at the highest
level of temperature metrology, the developing mise en pratique for the definition of the kelvin (MeP-K) and
the proposed kelvin redefinition (targeted for around 2018) provide a unique opportunity to fundamentally
change the practice of temperature measurement.

The major objective of this project was to perform the necessary background research to help prepare the
temperature metrology community for a smooth transition to the new kelvin definition. It was clear as the
project progressed that a follow on project was required to complete this task and lead into the formal
redefinition at the end of 2018, this has been agreed, is known as InK-2, and will start in June 2016.

1 http://www.bipm.org/en/publications/its-90.html
2 http://www.bipm.org/utils/en/pdf/PLTS-2000.pdf
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Examples of the current problems faced by the thermometry community are given in Figure 2.1 and 2.2.
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Figure 2.1 shows a summary of the data T-Too prior to this project, with many discrepancies larger than the
uncertainties. InK aimed to significantly increase the number of these data sets, and reduce the uncertainties
in the best estimates.

The current PLTS-2000 is based on discrepant data (of order of 6 %) at the lowest temperatures; this can be
seen in Figure 2.2 below. This is very unsatisfactory so in this project T i Tzo00 will begin to be re-measured
to address this discrepancy.
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Figure 2.2: The background data to PLTS-2000 (Tx [ T). The discrepancy in the different data sets at the lower
temperatures grows rapidly to 6% at ~0.0001 K leading to a large uncertainty increase in the PLTS-2000

A final high level objective was to develop the means to improve high temperature metrology above the silver
freezing point (i.e. the high temperature part of the ITS-90). This involved research into two areas:

1

|l

Determination for the first time, by primary radiometry, the thermodynamic temperature of a selected
set of high temperature fixed points (HTFPs; Co-C, Pt-C and Re-C). The temperature and radiometry
community has been calling for such high temperature fixed points to be developed since 1996.
These fixed points could then be used to reliably realise and disseminate T rather than Too, with
similar or even lower uncertainties than the current scale, thus demonstrating that a direct and
reliable linkage to the new kelvin could be realised.

A comparative study of disseminating the thermodynamic temperature, T, using both radiometers
and high temperature fixed points. This was to develop the techniques for future dissemination of T
instead of a defined scale and to show that it was possible with sufficiently low uncertainties.

In summary the research needs are:

1 The assignment of thermodynamic temperatures to the new HTFPs will make a completely new
generation of fixed points available for temperature dissemination and scale comparison

1 Comparing two completely different methods of radiometric measurements at high temperatures will
enable the whole temperature community chose the most appropriate dissemination and comparison
method

1 New low uncertainty values of T i Teo will begin to provide a definitive set of data for any users
requiring thermodynamic temperatures and provide the reliable background data essential for any
high integrity replacement scale to ITS-90

1 The new measurements of T T Tzo00 Will begin to solve the long standing discrepancy in the
background data of the PLTS-2000

1 New high performance sensors will be developed to facilitate the dissemination of thermodynamic
temperature at low temperatures
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Stakeholder Need:

The high level stakeholders for the research described in this project are a) the world metrology community,
the international committee of weights and measures (CIPM) and its consultative committees for
thermometry (CCT) and units (CCU) and b) the regional metrology organisations (RMOs) technical
committees for thermometry (TC-T). All these stakeholders recognise the problems with the current defined
temperature scales and also recognise the challenges that the redefined kelvin will bring. A priority for the
international temperature metrology community is to maintain a consistent realisation of the Sl unit for
temperature and practical means of its dissemination in this changing environment.

Industrial users whose processes are reliant on high accuracy thermometry need direct traceability to the
redefined kelvin in order to guarantee long term confidence in their temperature measurement, ideally
without recourse to a defined scale T which can change over time. In addition, a consistent approach to
thermometry (i.e. a definition of temperature that is based on a fundamental quantity) will mean that Industry
need not worry about any future changes in temperature scales (which are costly to implement).

Links to standards

The links to standards is through the CIPM CCT providing substantial input into the developing mise en
pratique for the definition of the kelvin (MeP-K) and also through development of primary thermometry
methods that facilitate a direct realisation and dissemination of the redefined kelvin.

Need for a collaborative approach:

This project brought together primary thermometry activity from around Europe, and the world. A
collaborative approach was required because:

1 Improvement to primary thermometry is required on a broad front; that is in six orders of magnitude
of temperature.

1 Individual primary thermometry methods are expensive and more than one or at most two methods
was likely to be unaffordable by a single organisation

1 A large number of data sets are required, and in order to achieve this is a timely manner many
organisations must be involved

1 The uptake of the results from the InK project requires wide acceptance of results gathered from
many organisations, This is best achieved through a collaborative approach involving all the main
institutes involved in primary thermometry, not only those in Europe.

Detailed overview of the scientific and technical objectives

1) Assign thermodynamic temperatures to high temperature fixed points above 1000 C (>1300 K).

The aim of this objective was to assign definitive low uncertainty temperatures to a set of high
temperature fixed points, namely the Cu point, the Co-C (1597 K), Pt-C (2011 K) and Re-C (2748 K). The
Cu point was included because of unresolved problems with the current measurements as specified by
CCT-WG4, and to retain linkage with ITS-90. High quality high temperature fixed points are one of the
most sought after artefacts in high temperature measurement as identified by a joint working group of
CCT and CCPR. The selection of the Co-C, Pt-C and Re-C points was pragmatic in that they are the
most developed of the HTFPs, reliably showing the required level of reproducibility (<0.1 C even at the
Re-C point) and are far enough spread in temperature to be used to determine low uncertainty
temperatures, when required, of other HTFPs in the future.

2) Realisation and dissemination of T instead of ITS-90 at high temperatures.

The aim of this objective was to perform a detailed evaluation of two potential schemes for the realisation
and dissemination of thermodynamic temperature above 1000 °C. The two possible alternatives were:

a) Dissemination by absolutely calibrated radiation thermometers, directly traceable to the electrical
watt, the metre and the second

b) Dissemination mediated through a priori calibrated or known temperature references; namely
high temperature fixed points.
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These alternative dissemination routes for thermodynamic temperature were for the first time evaluated
with the involvement of all the European NMIs capable of such measurements. Both approaches have
strengths and weaknesses and these will be identified and recommendations made to CCT.

3) Determination of Ti Too with lowest ever uncertainties.

The aim of this objective was to effect a significant reduction of the uncertainty (a factor two) currently
associated with (T 7 Teo) over the extended temperature range 2.5 K to ~650 K. The selected technical
work has been guided by the recent definitive critical revision of the existing T 1 Teo values. The scientific
activities of this objective involved the use of various primary thermometry methods (acoustic, dielectric,
noise, refractive index and spectral radiometry) for a low uncertainty determination of T. The comparison
of results obtained by the different methods will significantly reduce the contribution of systematic
uncertainties that affect each particular technique.

4) Develop primary methods of realising and disseminating T below 1 K and resolve the long standing
discrepancy in the low temperature part of PLTS-2000.

The aim of this objective was to develop and improve primary thermometers for measurement of
thermodynamic temperature with low uncertainties. The comparison of thermometers based on different

primary methods will facilitate the identification of systematic effects in thermodynamic temperature
measurement which wouldnét be possible if a@Beollgadone t
to the direct dissemination of the redefined kelvin in the low-temperature range.

3 Research results

Objective 1- Assign thermodynamic temperatures to HTFPs above 1000 "C (>1300 K)

Introduction

The purpose of this objective was to use primary radiometry to determine for the first time definitive
thermodynamic temperatures to a selected set of high temperature fixed points (HTFPs). A secondary
objective was to re-determine the copper point whose current value was based on discrepant data.

This objective was attained, the Cu point was re-determined and t he worl dés most relia
melting temperatures of Co-C, Pt-C and Re-C measured. These measurements were performed by ten

NMis, some of whom were funded partners of the InK project, some of whom were unfunded partners and

some of whom were collaborators.

The results were presented at a Royal Society workshop held on 18-19 May 2015 and have been submitted
to CCT WG NCTh to inform the emerging MeP-K-19.

Research undertaken

Introduction

The project involved the circulation between the participating laboratories of four HTFP cells of each type
(i.e. four Re-C, four Pt-C, four Co-C and four Cu). The cells had been preselected to be the best available
cells from a larger batch of cells made following best practice techniques established through earlier
international collaboration. Each participant measured two or four of these cells using a primary radiometric
thermometry technique. The measured values were then combined to obtain a single best estimate of the
thermodynamic temperature.

Measurements

Participants made measurements by determining the absolute radiance of a source (in this case the
blackbody cavity surrounded by the HTFP material) in a narrow wavelength band. This absolute radiance is
then used to determine the thermodynamic temperatureof t he bl ackbody via Planckés
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The measurement of absolute radiance is usually done with a filter radiometer i an instrument with an optical
system comprising two apertures, a filter and a detector. In some cases the primary filter radiometer included
a lens, and here the HTFP cells could be measured directly. In other cases, where the primary instrument did
not include a lens, the filter radiometer was used to measure the temperature of a variable temperature
blackbody with a large aperture, and this was, in turn, used to calibrate a radiation thermometer that could be
used to measure the HTFP cells. Note that one participant used a monochromator-based system rather than
a filter radiometer and another participant used a photometer, a specific type of filter radiometer that mimics
the human eye response and which has a different calibration methodology.

There are four calibration methods (radiance, irradiance, power and hybrid) that have been proposed for the
future edition of the mise en pratique for the definition of the kelvin. These methods differ in where in the
calibration chain two apertures are introduced to define the geometry of measurement. All four calibration
techniques were used by different participants in this measurement campaign. Measurements were also
made at different wavelengths (from 520 nm to 808 nm) by different participants. Some participants had
broadband filter radiometers (with bandwidths of 50 nm or more) and others had narrowband filter
radiometers (with bandwidths of 20 nm or less), one used a monochromator as the filtering system.

Despite this variety of methodology, and the fact that some participants used new facilities and others used
well-established capability, the uncertainties achieved by the different laboratories were very similar, for

example for the measurement of Re-C (2747.84 K) uncertainties ranged from 0.28 K to 0.57 K (see figure

3.171 the graph of uncertainties). Furthermore the analysis showed a high level of consistency, both for the

overall uncertainty budget and between the model and results (which suggested that participants had
appropriately estimated correlation). This shows the maturity of filter radiometry as a method for determining
thermodynamic temperature and was achieved through thorough analysis and review of sources of
uncertainty at all participants and an open sharing of best practice, experience and challenges overcome. It

also built on a previous fAcomparison of f i2lnk®I-20¥ladi o me
and which about half of the participants of this project had taken part in.
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Figure 3.1 - Standard uncertainties (not expanded) associated with thermodynamic temperature measurements by the
different participants for the different fixed points.

3 Consultative Committee on Thermometry and in particular WG5, which has been renamed as the working group for non-contact
thermometry
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Data analysis and results

The results of the measurement campaign were combined in a mathematically robust manner that took into
account the full covariance of the measurements. This included analysis of the effects such as impurities
within the fixed point materials, emissivity of the cavity, the temperature drop (the difference in temperature
between the fixed point material and the inside of the cavity due to the thickness of the cavity wall) and
structural effects due to the rate of the previous freeze. This analysis took into account the work of many
other scientists, including collaborators to the project and unfunded partners.

Within this project what was determined was a pragmatic quantity, namely the point of inflection of the
melting curve of the eutectic fixed points. The measured melting curves (temperature as a function of time)
take the form shown in the red dotted line in Figure 3.2. The determined point of inflection (the purple
diamond) was calculated from fitting a cubic to the central part of this curve.

There is a more fundamental quantity i the liquidus temperature obtained under equilibrium conditions. The
consortium is currently carrying out further analysis to understand what uncertainty to include to estimate the
liquidus temperature. This is possible to calculate from the data obtained during this project and will be
presented in Tempmeko 2016 (see section on future impacts).
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Figure 3.2 - A typical melting curve (dashed red line) and its first derivative (solid blue line), showing the point of
inflection (purple diamond) calculated from a fit between the blue circles, determined from the start of melt and end of
melt (yellow squares).

The main outcome of the InK project was the publication of thermodynamic temperature values for the four

HTFP transitions (the point of inflection of the melting curve for the eutectic fixed points and the freezing
point for copper). These were presented at the Royal
which was held in May 2015. A paper, with 40 co-authors, was prepared, submitted to and accepted for
publication by Philosophical Transactions of the Royal Society. It is anticipated that this will come into print in
February 2016.

The temperature values given in that paper were:

| Value /K | Associated standard | Expanded uncertainty |
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HTFP uncertainty / K (k - 2) %
Re-C 2747.84 0.18 0.35
Pt-C 2011.43 0.09 0.18
Co-C 1597.39 0.06 0.13
Cu 1357.802 0.041 0.081
This paper has extensive fAsuppl ement ar yescnbng teanadysiso i nc |

method, providing the uncertainty budgets for each participant and giving more information about impurity
analysis, amongst other things. The raw data is also presented in spreadsheets to allow further analysis to
take place.

More fundamentally, this project has shown that primary radiometric thermometry is now sufficiently mature
to be used as a method for realising, directly, thermodynamic temperature. This is key enabling evidence to
support the expected next edition of the mise en pratique for the definition of the kelvin, which is expected to
encourage primary thermometry techniques.

The project has also shown that it is possible to circulate HTFP cells and for these to hold a thermodynamic
scale placed on them by filter radiometry. Only one, Re-C cell, showed any noticeable change during the
measurement campaign (this conclusion is currently being verified by a post-campaign re-assessment of
cell-to-cell differences). This supports relative primary thermometry i thermodynamic temperature mediated
by fixed points.

The project has also come a long way to establishing the thermodynamic transition temperature for these
fixed points. It has determined the point of inflection of the melting transition and has collated, and begun to
analyse, the data needed to estimate by how much the more fundamental liquidus temperature may vary
from this. Some further work is needed to bring this to a conclusion, and it is expected this to be presented at
Tempmeko 2016, along with a recommendation to the CCT for implementing these temperatures into the
temperature scales and into the evolving mise en pratique.

Summary of key research outputs and conclusions

The key research outputs are:

1 The thermodynamic temperature of the point of inflection of the melting transitions of Re-C, Pt-C and
Co-C and of the freezing transition of Cu has been determined with the lowest ever uncertainties.

1 This temperature is a true consensus temperature of all the expert laboratories measuring using
primary radiometric thermometry. The different laboratories achieved very similar uncertainties using
differing methodologies and the results were consistent, both with overall uncertainties and with the
analysis of correlation. This suggests that primary radiometric thermometry is a mature technique
that can be used for realising thermodynamic temperature.

1 A paper has been presented at the Royal Society, and published in a high level paper (see footnote
4), summarising these results, with extensive supportive material explaining the methodology.

1 This measurement campaign was analysed in a more robust manner than is commonly used for this
type of project.

Objective 2 - Realisation and dissemination of T instead of ITS-90 at high temperatures.

Introduction

This objective was devoted to the assessment of two different methods of dissemination of the
thermodynamic temperature. These two methods are the dissemination via high temperature fixed points
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(HTFPs) with assigned thermodynamic temperatures* and the dissemination by radiometers or radiation
thermometers calibrated in terms of thermodynamic temperature.

In order to evaluate these two distinct dissemination methods two comparisons were organised. In the first
one, the circulating artefacts were off-the-shelf high-temperature fixed point cells with transition temperatures
ranging from 1597 K to 2747 K. In the second comparison, absolutely-calibrated pyrometers and filter
radiometers were compared in the temperature range 1273 K to 2773 K in front of a variable temperature
blackbody radiator.

This collaborative work allowed the determination of the level of uncertainties achievable in both cases as far
as the participants to this project were concerned. It is however possible to generalise the findings to foresee
and choose the future possibilities of dissemination artefacts and methodologies.

Research undertaken - Dissemination using HTFPs

Dissemination of thermodynamic temperatures using HTFPs was part of this objective. This work was
performed with ITS-90 temperatures assigned to the HTFPs because definitive thermodynamic temperatures
were only available at the end of the project. This task will however help assessing the methods required for
dissemination when thermodynamic temperatures become available for the HTFPs.

To achieve this dissemination exercise, NPL and CNAM supplied two sets of HTFP cells at the Co-C, Pt-C,
Ru-C and Re-C high-temperature fixed points. The cells were either off-the-shelf, used cells or had been
constructed for this particular project.

Two batches of cells were constituted with one cell from each fixed point: Co-C, Pt-C, Ru-C and Re-C. One
batch was meant to be kept in CNAM as a reference batch and the other batch was circulated among the
participants. Before the start of the circulation of the cells, the circulating batch was compared to the
reference batch. This initial comparison was intended to make a link between the cells and to be able to
replace a cell in case of breakage without completely losing information between the cells. This initial
comparison was performed by CNAM.

Table 3.1 summarises the cells used in the circulating batch and in the reference batch. Cells 7CO1, 7CO2,
7C0O4, 5PT2, 6PT2, 4RE1 and 4RE2 were supplied by CNAM. Cells INKRU1, INKRU and PT2006-2 were
supplied by NPL.

HTFP REF CIRC

Co-C 7CO2 7CO1 then 7CO6
Pt-C 5PT2 PT2006-2 then 6PT2
Ru-C INKRU INKRU1

Re-C 4RE2 4RE1

Table 3.1 Identification of the cells participating to InK in the circulating (CIRC) batch and in the reference (REF) batch.

Cells 7CO1 and PT2006-2 broke during the circulation process and were replaced by new cells (7CO6 and
6PT2 respectively). This showed in particular that the early designs of cells is not suitable (the case of Pt-C
cell from NPL based on the C/C sheet design) and that the Co-C point is a difficult point for which robustness
remains an issue even with the hybrid design (consisting of C/C sheets and a graphite sleeve). The new
cells were constructed by CNAM in the hybrid design and compared to the reference batch of cells before
being put back to circulation.

4 Woolliams, E., Anhalt, K., Ballico, M., Bloembergen, P., Bourson, F., Briaudeau, S., Campos, J., Cox, M. G., del Campo, D., Dury,

M.R., Gavrilov, V., Grigoryeva, |., Hernandez, M.L., Jahan, F., Khlevnoy, B., Khromchenko, V., Lowe, D.H., Lu, X., Machin, G., Mantilla,

J.M., Martin, M.J., McEvoy, H.C., Rougié, B., Sadli, M., Salim, S.G., Sasajima, N., Taubert, D.R., Todd, A., Van den Bossche, R., van

der Ham, E., Wang, T., Wei, D., Whittam, A., Wilthan, B., Woods, D., Woodward, J., Yamada, Y., Yamaguchi, Y., Yoon, H., Yuan, Z.,
AThermodynamic temperature assignment t o t émperguceifong d o oPhilmffasisiRc t i on o f
Soc. A. 374: 20150044 (2016) http://dx.doi.org/10.1098/rsta.2015.0044
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A further comparison of the circulating and reference cells was performed at the end of the dissemination
trial and allowed the determination of the drift of the cells. Table 3.2 summarises the level of this drift for
each of the cells. Of course, the two broken cells could not be assessed for drift.

Cell Drift (unc k=2) mK
7C0O6 -25 (22)
7CO1 Unknown
6PT2 - 41 (18)

PT2006-2 Unknown
INKRU1 27 (150)
4RE1 28 (54)

Table 3.2 Drift of the circulating cells during the dissemination trial (over a period of more than one year). Uncertainties
(k=2) are given between brackets.

The drift can in all cases be considered as negligible in comparison with the uncertainties of temperature
determination. Earlier studies have already shown that the stability of HTFPs in the long term is ensured in
case of the hybrid cell design® ¢ and this study shows clearly that, passed the robustness issues with early
designs, HTFP cells can be considered as reliable and efficient artefacts for comparisons.

Each participant (CEM, PTB, NPL, UME and CNAM) reported the assigned ITS-90 temperature of the
melting transition realised with the circulating HTFP cells in their facilities.

The uncertainties reported by the participants were mainly related to the ITS-90 scale and to the repeatability
of the realisation of the melt. The uncertainties and temperature differences between the participating NMls
can be seen in figure 3.3. The discrepancy between the determined temperatures is within 1 K even at the
highest temperatures.

5 Sadli, M., Bloembergen, P., Khlevnoy, B., Wang, T., Yama d a, Y., et al . i An | fArerm Stabdity of Matal-|
Carbon Eutectic Cellsd | nter32a786-57892011)1 our nal of Thermophysics

5sadl i, M. , Yamada, Y., Wang, T., Yoon, H . &¥s tests Brl Go-€ nPb-@ and RerC, cell® .

the first resultso029/06-6442008et r ol ogi ca Sinica
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Figure 3.3: Differences between the reported temperatures by each participant for the four HTFPs. Uncertainty bars are
expanded uncertainties (k=2).

To analyse the results of this comparison during which HTFP cells have been circulated among five partners
over a period of more than one year, the consortium can already state that HTFPs can be considered as
suitable means to probe and compare the capabilities between different realisations of the scale or of
thermodynamic temperatures as the work to assign thermodynamic temperatures to a selected set of
HTFPs* has already shown.

These results also show that it is already possible to use HTFPs to disseminate the scale with relatively low
uncertainties. This would be a relatively simple process with two or more HTFPs having their temperature
assigned by a national measurement institute and then sent to the user who would only need a suitable high
temperature furnace and radiation thermometer for the interpolation. To reduce further the uncertainties in
this approach to dissemination some sources of uncertainty need more detailed investigation. The two main
remaining ones are associated with the interaction of the HTFP cell with the furnace. Both the furnace
thermal inertia (probably the source of the so-called furnace effect) and the temperature profile are both
likely to yield slightly different melting temperatures contributing to additional uncertainties of the order 0.1 K
to a few 0.1 K. The latter may be optimised by ensuring the HTFP cell is placed in the region of most uniform
temperature as an earlier study has shown’.

An additional significant source of uncertainty would originate from the determination of the fit coefficients
(exp. Sakuma-Hattori fit) when a radiation thermometer is calibrated in thermodynamic temperature using
these dissemination artefacts. However this source of uncertainty can be made small provided the approach
was restricted to the use of only narrow-band radiation thermometers (10-20 nm maximum) ensuring small
residuals to the fit of temperature and photocurrent.

Research undertaken - Dissemination using absolutely calibrated filter radiometers or pyrometers

The second dissemination scheme was performed using radiation thermometers, calibrated in terms of
thermodynamic temperature and a filter radiometer of known absolute spectral responsivity. Different
methods were applied by the participants (PTB, CEM, MIKES and CNAM) to calibrate a transportable
radiation thermometer or the filter radiometer for the measurement of the thermodynamic temperature.

“"Bourson, F., Briaudeau, S., Rougi ®, B. & S a d Hdmperatdre furiidoes oremetalr nat i on

car bon eut eAlRJorferepce Proceeslings 1552, 380-385 (2013).

Final Publishable JRP Report -150f 41 - Issued: December 2016
Version V1.0



SIBO1 InK /‘\.
EURAMET

- PTB calibrated an IKE LP3 pyrometer in terms of thermodynamic temperature by comparison to a filter
radiometer via a large area high-temperature blackbody. This method is well established but it requires
good temperature uniformity across the blackbody aperture to achieve a low uncertainty.

- MIKES used a filter radiometer (FR800) which consists of a single Si photodiode, an interference filter
with nominal central wavelength of 800 nm, and a 4-mm precision aperture. The relative and absolute
responsivity of the diode and filter were measured with a reference spectrometer of Aalto University®, by
comparing the output of the detector with a trap detector traceable to the cryogenic radiometer of SP,
Sweden. This filter radiometer showed a large drift between the calibrations performed before and after
the comparison which resulted in large uncertainties at the level of 0.4 %.

- CEM calibrated an IKE LP4 pyrometer using their HTFP cells of Cu, Co-C, Pt-C and Re-C as references
for thermodynamic temperatures. The thermodynamic temperatures assigned to these HTFPs were the
ones assigned to these HTFPs in the first objective of the InK project*. A Sakuma-Hattori fit was
determined to derive the relation between the photocurrent delivered by the radiation thermometer and
the thermodynamic temperature over the whole range (1000 °C to 2500 °C).

- CNAM applied a similar scheme as CEM, which involved the calibration of the CNAM LP3 pyrometer,
except that the HTFP cells used were directly measured in terms of thermodynamic temperature using
the CNAM radiance method put in application in the first objective of InK*. The cells used for the
calibration of CNAM LP3 pyrometer had the local assigned thermodynamic temperatures. A Sakuma-
Hattori fit was determined using these four temperatures to provide a relation between photocurrent and
thermodynamic temperature.

Table 3.3 summarises the instruments which participated to this dissemination trial. The four instruments
were gathered at PTB and put, alternatively, in front of a high-emissivity high-temperature furnace, the
VNIIOFI-made HTBB 3200PG. The furnace temperatures were varied in steps of 200 °C between 1000 °C
and 2500 °C.

CEM PTB
Radiation Radiation
thermometer LP4 | thermometer LP3
(650 nm) (658 nm)

Calibrated against Calibrated with
4 HTFPs Cu, Co-C, | respect to

Pt-C, Re-C +
Sakuma-Hattori fit

thermodynamic
temperatures against
filter radiometer via
HTBB furnace

CNAM MIKES
Radiation Filter radiometer (800
thermometer LP3 | nm)

(850 nm)

Calibrated against 4
HTFP with T values
assigned at LNE-
Cnam + Sakuma-
Hattori fit

Absolute spectral
responsivity

8 F. Manoochehri and E Ikonen:

3692 (1995).
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Table 3.3 Instruments calibrated in terms of thermodynamic temperature at the participants laboratories and compared
at PTB

The uncertainties and temperature differences between the participating instruments can be seen in figure
3.4 below. The overall agreement seems to lie within 2 K at the highest temperatures.

4.00

3.00

2.00 o Mikes

100 i .
: pobo]

. 0.00 + CEMWP1
I—E ? ¥ ﬁ ® CEMCCT
. -1.00 I ) 10/12

O LNECnam
-2.00
-3.00
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Figure 3.4: Results of the comparison of absolutely calibrated instruments. CEM radiation thermometer LP4 was
calibrated using HTFPs and different reported temperature values for the HTFPs are given here: either thermodynamic
temperatures according to EMRP InK or ITS-90 temperatures (given in®).

It should be noticed that the stability of the radiation thermometers used in this study was considered as
satisfactory (i.e. drift within 0.5 K). This was not the case for the filter radiometer which has shown
temperature equivalent drifts of 0.4 K to 1.8 K over the range 1000 °C i 2500 °C. This drift was probably due
to the repair of the instrument after an open circuit was detected upon arrival at PTB.

Therefore the stability and fragility of the instruments is probably the main drawback of this method. It is to
be doubted that if the radiometers/radiation thermometers had been circulated as much by post as had been
the HTFPs whether the drift would have been as small as was observed. Also in the case of the irradiance
mode being used (ie. with a straightforward filter radiometer) the method requires a uniform and high-
emissivity furnace for the transfer to a radiation thermometer. In the case of poor temperature uniformity, the
corrections and related uncertainties would have represented a large part of the final dissemination
uncertainty.

Key research outputs and conclusions

To summarise, the results of this study have shown that both schemes can, with care, be applied
successfully with comparable achievable uncertainties. However, the advantage of the HTFP dissemination
scheme is the stability of the HTFPs which are thought to be much more achievable than the stability of
radiation thermometers or filter radiometers. On the other hand, using radiation thermometers or filter

°G. Machin et al. AReal i sat i omi ca ntde nupi esrsaetmiirnea tai boonv eo ft hteh esrimovdeyrn ap oi nt

10/12 June 2010 http://www.bipm.org/cc/CCT/Allowed/25/D12r_MeP-HT_v8.pdf
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radiometers as thermodynamic temperature dissemination means does not require high-temperature fixed
points and specially adapted furnaces, which could be an advantage for some NMIs. However if the latter
was used great care would have to be taken to allow for the possibility of unknown drifts in the output of the
radiometer. If the latter case is followed then a HTFP should be used periodically to check the stability of the
transfer radiometer.

On the whole, while the dissemination of thermodynamic temperature is more direct by a radiometer or
absolute calibrated radiation thermometer its dissemination by HTFPs is more secure because they are
effectively driftless artefacts.

The key research outputs are as follows;

1 A comparison of high-temperature fixed points used as dissemination artefacts was successfully
performed among five participating laboratories. This comparison proved that the use of this kind of
artefacts is a suitable means for disseminating thermodynamic temperatures with an uncertainty below
1 K over the temperature range from 1324 °C and 2474 °C.

1 For the first time, a comparison of 3 radiation thermometers calibrated in thermodynamic temperature
and 1 filter radiometer calibrated in absolute spectral responsivity was organised among 4 participants
to this project. The overall agreement between instruments was remarkably good and the discrepancy
in the determined temperatures in front of a high-temperature black-body were all with 1.5 K over a
temperature range from 1000 °C to 2500 °C.

These results were published in the following high impact paper: Sadli, M., Machin, G., Anhalt, K., Bourson,

F., Briaudeau, S., del Campo, D., Diril, A., Lowe, D., Mantilla Amor, J. M., Martin, J.M., McEvoy, H., Ojanen,

M. , Pehl i van, o. , Rougi ®, B. , Salim S. G. R. ., fiReal i s
above t he silver pointo, Phi | .374: T20E60043 (B16) Soc.
http://dx.doi.org/10.1098/rsta.2015.0043

Objective 3 - Determination of (TT Tgeo) With ultra-low uncertainties

Introduction

The purpose of this research is to develop a reliable set of T-Tgo data for inclusion in the annex of the MeP-K
and, in the longer term, if required, to form the backbone of any future temperature scale.

This work built on participants developed whilst performing extremely precise experiments for the
determination of the Boltzmann constant with different methods and techniques. These experiments required
complex apparatus designed for achieving the most accurate performance working at a single specific
temperature, i.e. the triple point of water Tw = 273.16 K.

Design, implementation and testing of several significant modifications to the pre-existing experimental
facilities to extend their capabilities to work over a temperature interval, rather than at a single reference
temperature, without significantly reducing the measurement accuracy, was the main initial activity of the
project partners, as described in section 3.1. The determination of the differences (T-Te) with these new
measurement capabilities continued throughout the duration of the project, finally providing a new set of
results spanning the overall temperature range between 29 K and 303 K, and a revised set of results
between 2.5 K and 36 K. These results and their relevance in view of the unprecedented low uncertainty
achieved, which makes them, collectively, the most accurate temperature measurements ever reported, are
described and discussed in section 3.2. The research effort towards the further extension of the working
range of primary thermometers beyond that previously explored by each method is described in section 3.3.
This has been a complex technical area which continued throughout the duration of the project, in parallel
with the acquisition and the analysis of measurement data. The new measurement capabilities finally span
the range between 1 K and 1350 K, i.e. beyond the initial (1 K to 1000 K) target. However because the
technical challenges were greater than originally envisaged differently determinations of (T-Teo) over this
wider operating range could not be achieved by the project deadline, these will be undertaken in the InK-2
follow on project.

Research undertaken - Preparation of experimental capabilities for primary thermometry
These activities were:
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1 The construction and assembly, or the modification of basic apparatus or artefacts, as are the newly-
designed acoustic and/or microwave resonant cavities used to implement acoustic gas thermometry
(AGT) at INRiIM, LNE-CNAM and UVa. Namely: i) the assembly of a 3-litre volume spherical copper
resonator (Fig. 3.5) used at INRiM for determinations of (T-Te) between 234 K and 303 K10; ii) the
assembly of a 3-litre volume quasi-spherical copper resonator used at LNE-CNAM for determinations
of (T-Teo) between 220 K and 290 K10; iii) the preparation of an AGT apparatus based on a small
volume stainless steel spherical acoustic resonator for AGT at UVall,

1 The newly-designed construction, or the upgrade of several thermostatic systems, including: i)
successive modifications of a NPL isothermal cryostat to minimize thermal gradients and extend the
working range of their AGT apparatus to progressively lower temperature ranges down to 120 K12; ii)
at LNE-CNAM, the upgrade and repair of an adiabatic cryostat for AGT measurements in the
working range between ambient temperature and 77 K and the novel design and construction of a
pulsed-tube cryostat for AGT measurements down to 4 K (Fig. 3.5); iii) the realization at NIM of a
double thermostat working in the range between 250 K and 420 K to implement a RIGT experiment
(Fig. 3.6).

ENS. ECRAN -1
1204290

NS, ECRAN
ADIABATIQUE
1204310

Figure 3.5 (Left) Assembled 3-litre volume copper spherical resonator used at INRiM for AGT determinations of the
thermodynamic temperature between 234 K and 303 K. (Right) Sketch of a pulse-tube cryostat designed at LNE-
CNAM for an AGT experiment working between 4 K and 290 K.

10 Gavioso, R.M., Ripa, D.M., Steur, P.P.M., Gaiser, C., Zandt, T., Fellmuth, B., de Podesta, M., Underwood, R., Sutton, G., Pitre, L.,

Sparasci, F., Risegari, L., Gianfrani, L., Castrillo, @&., Machin,

temperature with ultra-l ow uncertaintyo, 34 20L50046T(2046) htp:/Rx.doisrg/t0.109&rsta.2015.0046

11 F, J. Pérez-Sanz, J. J. Segovia, M. C. Martin, M. A. Villamanan, D. del Campo, C. Garcia "Progress towards an acoustic
determination of the Boltzmann constant at CEM-UVa" Metrologia, 52, S257-S262 (2015)

12 R. J. Underwood, M. de Podesta, G. Sutton, L. Stanger, R. Rusby, P. Harris, P. Morantz, G. Machin "Estimates of the difference
between thermodynamic temperature and the ITS-90 in the range 118 K to 303 K" Phil. Trans. Roy. Soc. A (submitted 2015)
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Figure 3.6 Experimental apparatus realized at NIM for implementing a RIGT between 250 K and 420 K.

1 The characterization of the thermoelastic properties of materials and artefacts used in the
construction of primary thermometers. Particularly, an accurate determination of the compressibility
of the capacitors used to implement dielectric constant gas thermometry (DCGT) and of the
compressibility of microwave resonators used to implement RIGT are crucial pre-requisites which
may set the limit of accuracy of these techniques. An additional difficulty was represented by the
need to determine the variation of the compressibility as a function of temperature over the entire
working range spanned by these primary thermometers. This issue required a dedicated
experimental effort, based on adaptations of a resonant ultrasound spectroscopy (RUS) technique
both at PTB, where a successful reduction of the uncertainty of the effective compressibility ket of the
material used for the construction of the capacitors (CuBe) was obtained (Fig. 3.7) to extend the
measurement capabilities of DCGT above 80 K.

Figure 3.7 (Left) Resonant ultrasound spectroscopy was used at PTB to estimate the temperature dependence of the
bulk modulus of a newly-designed cylindrical CuBe capacitor (central sketch) and (right) cryostat used for DCGT
measurements between 2 K and 300 K.

1 Improvements of the accuracy by which relevant state variables and experimental quantities can be
determined. Among these are: i) the remarkable improvements achieved by PTB in the
measurement of the experimental pressure!® for DCGT; ii) several improvements of the main

13T, Zandt, W. Sabuga, C. Gaiser, B. Fellmuth "Measurement of pressures up to 7 MPa applying pressure balances for dielectric-
constant gas thermometry" Metrologia, 52, S305-S313, (2015)
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electronic components used in the realization of Johnson Noise Thermometry (JNT) as achieved by
the cooperation between NIST and NIM4,

The design and the construction of dedicated instrumentation and tools to extend over a wider
temperature range the measurement capabilities of particular techniques, as for instance: i) the high
temperature microwave probes (Fig. 3.8) designed and tested by Tubitak-UME?® for use up to 830 K
in the AGT experiment being developed at INRiM; ii) the high temperature microwave and acoustic

waveguides developed in cooperation by NIST and NIM, successfully tested respectively up to 1350
K and 800 K18,

Test resonator

%

—

VNA connection —
port

$21 (dB)

Frequency (GHz)

Figure 3.8 (Left) Sketch of the custom high-temperature (800 K) microwave waveguides designed and realized at
Tubitak-UME. The inset picture shows a bent version of the waveguides as custom designed for high-temperature AGT
developed at INRiM. (Right) TE111 mode measured up to 833 K at Tubitak-UME in a stainless steel cylindrical cavity.

1 The fixed-point calibration of long-stem or capsule-type standard platinum resistance thermometers
(SPRT) used in the primary thermometry experiments for the sake of the later comparison of the
determined thermodynamic temperature T with temperatures on the International Temperature Scale
of 1990 (ITS-90). As accomplished at NPL, this part of the work also included a careful, updated
assessment of the inherent uncertainty associated with the determination of Teo (Fig. 3.9);
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14J. Qu, S. P. Benz, A. Pollarolo, H. Rogalla, W. L. Tew, R. White, K. Zhou "Improved electronic measurement of the Boltzmann
constant by Johnson noise thermometry" Metrologia, 52, S242-S256 (2015)

15 M. Celep,
resonators u

H. Sakarya "Design and test of gas tight microwave transmission lines for resonance frequency measurements with cavity
p to 830 K" Proceedings of 2014 Conference on Precision Electromagnetic Measurements

http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=6898313

16 K. Zhang, X. Feng, K. Gillis, M. R. Moldover, J. Zhang, H. Lin, J. F. Qu, Y. N. Duan "Acoustic and microwave tests in a cylindrical
cavity for acoustic gas thermometry at high temperature” Phil. Trans. Roy. Soc. A (submitted 2015)
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Figure 3.9 Estimated standard uncertainty in NPL measurements of Teo. Curves are: 1. Total uncertainty; 2. SPRT
calibration uncertainty; 3. Non-uniqueness; 4. SPRT drift and resistance measurement.

Research undertaken - Thermodynamic temperature measurements

To reduce the influence of those uncertainty contributions which do not vary with temperature, most of the
primary thermometric methods are best operated in relative mode, which implies repeated measurements at
the temperature of interest T compared to some reference temperature Tref, with the latter typically chosen to
be the temperature of the triple point of water Tw. Many of the primary thermometers developed in the initial
course of this project were maodifications of those used to determine the Boltzmann constant but then
modified to determine T-Teo by relative means, the results are summarised in0. At this stage of the project,
cooperative work among partners was developed to assess the composition of the monoatomic gas samples
used in the absolute experiments being conducted at Tw, including: i) the characterization of the isotopic
composition of commercial argon samples used at NPL, LNE-CNAM and NIM, with a mostly relevant
contribution from the Korean National Metrological Institute (KRISS) who made available to the project its
experimental facilities and expertise in mass-spectrometry; ii) the determination, using the mass
spectroscopy facilities available at PTB of helium samples being used at INRIM.

Following these initial achievements and the completion of the preparative work described in section 3.1, the
primary thermometers developed at various laboratories were operated to cover increasingly wide
temperature ranges finally leading, by the end of the project, to the determinations of (T T Teo) summarized in
Figure 3.10 These include, namely, a subset of DCGT measurements obtained at PTB in the temperature
range between 29 K and 140 K, and three subsets of AGT measurements respectively obtained at NPL,
LNE-CNAM, INRIM, in the overall temperature range between 78 K and 303 K.

5-o|'|'|'|'|'|'|'|'|'|'|'|..
— WG4 [ uWwGa) v

PTB - DCGT (C1 - He) 1
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Figure 3.10 Determinations of the differences (T T TokRpliruace atkvarious laboratories with two different primary
thermometry methods in the course of this project. These are, namely, DCGT at PTB, and by AGT at NPL, LNE-CNAM
and INRiIM. The black line and the shaded area display the best fit and the uncertainty of an interpolation by CCT
Working Group 4 of (T T Teo) data which were available before the start of the InK project.

-10.0

Details of the notable features of each of these subsets are listed below:

1 Figure 3.11 displays the determinations of (T T Tgo) obtained at PTB using two different capacitors
and two different test gases (helium and neon). The redundancy of this careful procedure, which
includes repeated isotherms at 84 K and 121 K, and the mutual consistency of the results,
significantly reduces the possible influence of several gas-dependent and apparatus-dependent
systematic sources of uncertainty. Remarkably, the new DCGT data demonstrate that the useful
operating range of the DCGT method can be extended to higher temperatures than previously
reported, enhancing the significance of the comparison with AGT (T T Teo) data obtained from other
laboratories in the overlapping temperature range. Finally, the new determinations of the effective
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compressibility of the capacitors as a function of temperature lead to a correction of previously
published results in a lower cryogenic temperature range down to 2.5 K and 36 K.

p'4
1S
= 4
> T
8
'_I <
e
6 - 4
1 Euwea) |
8 —— DCGT 2010 - -- u(DCGT 2010) |
® DCGT 2014(C1-He)
| O DCGT 2014 (mean C1-C2-He-Ne)
—— DCGT 2010 corrected - - - u(DCGT 2010 corr)

_lo T T AL | T T T L |
10 100

Temperature / K

Figure 3.11 Determinations of the differences (T T Too) achieved by DCGT at PTB between 29 K and 140 K (hollow and
filled circles) using two different capacitors (C1, C2) and two different test gases (He, Ne). The new determinations of the
effective compressibility of the capacitors provide a correction for previously published results between 2.5 K and 36 K
(continuous lines).

1 The AGT apparatus used at NPL was operated, in relative mode, to measure the speed of sound in
Ar as a function of pressure along several (20) isotherms, including Tw, between 118 K and 303 K,
leading to a closely-spaced set of (T-Teo) determinations??. Most notably, these determinations are
characterized by unprecedented low uncertainties, improving the state of the art of primary
thermometry with any method in this temperature range. In fact, the uncertainty associated to the
thermodynamic temperature T resulted sensibly lower than the inherent uncertainty of best-practice
Too measurements using standard platinum resistance thermometers. The extremely high precision
and accuracy of the dense NPL thermometry dataset also reveals some subtle, previously unnoticed
features of the differences (T T Toeo), which are likely to be inherent in the definition of ITS-90. Finally,
the analysis of NPL data close to Ttpw, sheds new light on the previously discussed discontinuity of
the slope d(T T Te0)/dTeo appears to be slightly negative or possibly zero rather than positive, as
previously reported.

1 The determinations of (T-Teo) by AGT at LNE-CNAM were reported at six temperatures between 77
K and 290 K and were obtained by measurements of the speed of sound in argon using three
different resonators, including a large volume (3-litre) copper quasi-spherical cavity which had been
carefully characterized to achieve an extremely precise determination of ks. The values and the
rather large uncertainties displayed by these results in Figure 3.10 should be considered provisional
and are likely to be significantly reduced when the calibration of the standard thermometers used in
the experiments will become available.

1 The AGT apparatus, previously used at INRIM to achieve a precise determination of ks, without any
relevant modifications, was operated in the temperature range between 235 K and 303 K, leading to
the measurements of (T T Teo) displayed in Figure 3.10 using helium as the test gas.

The comparison of (T-Teo) results obtained by different laboratories is the founding value and the main
motivation of joint research as it was addressed in the original organization of this project. Such a
comparison shows that the results displayed in Figure 3.10 are consistent with each other over the intervals
where the temperature ranges covered by various experiments overlap. Particularly, the agreement of
various AGT data at the temperature of the melting point of gallium Tea is indeed remarkable, considered
that these data were obtained with weakly correlated experiments and motivates the further future
development of AGT at a higher temperature range. Below 100 K, the new DCGT results of PTB are in
satisfactory agreement with the new and previous AGT results of LNE-CNAM. A similarly satisfactory
agreement of new DCGT results is found between 120 K and 140 K with the new extremely accurate AGT
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results obtained at NPL. This satisfactory overall agreement for data obtained by four different laboratories
with two different experimental methods indicates that the possible influence of unknown or undetected
systematic effects was not underestimated.

As a whole, the new thermodynamic temperature determinations are found to be mostly consistent with the
CCT-WG4 interpolation of (T-Teo) data which were available before the start of the project. A minor exception
is represented by the temperature interval between 175 K and 225 K where the accuracy of the NPL dataset
indicates that the WG4 interpolating function slightly underestimates the difference (T-Too).

Research undertaken - Further extension of experimental capabilities for primary thermometry

In addition to the results described in the previous section, various laboratories continued the development of
apparatus and facilities to extend the working temperature range of their primary thermometry methods
throughout the course of this project. Among the notable achievements are:

1 The design and realization at NPL of an apparatus for AGT primary thermometry up to 1000 K (Fig.
3.12). The AGT is based on an aluminium alloy resonator of cylindrical shape inserted within an
Inconel vessel capable of withstanding a maximum pressure of 1 MPa. The vessel is equipped with
thermometer wells to allow the quick insertion and removal of long-stem SPRTs. The high
temperature furnaces is a custom modified fan circulating oven. Preliminary tests up to 100 °C
demonstrated the possibility to achieve an accurate determination of the thermal expansion of the
cylinder using microwave measurements?'’,

Figure 3.12 (Left) The NPL cylindrical resonator inside its pressure vessel shown above the recirculating air bath which
will heat it to temperatures between 30 °C and 730 °C. (Right) The NPL cylindrical resonator undergoing microwave and
acoustic tests.

1 The design and realization at INRiIM of an apparatus for AGT primary thermometry up to 1000 K as
sketched in Fig. 3.13. This AGT is based on a spherical stainless steel resonator with an internal
radius of 8 cm equipped with suitable acoustic and microwave waveguides (Fig. 3.8). The furnace
comprises an external insulating vacuum vessel, infrared heated isothermal copper shields, an
internal cylindrical pressure vessel designed to withstand a maximum pressure of 1 MPa at the
highest working temperature.

17 R. J. Underwood, G. J. Edwards "Microwave-Dimensional Measurements of Cylindrical Resonators for Primary Acoustic
Thermometry" Int. J. Thermophys. 35, 9711 984 (2014)
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Figure 3.13 High-temperature apparatus designed and realized at INRiM for AGT measurements up to 1000 K.

1 the realization at LNE-CNAM of a miniature copper cavity and custom instrumentation, including a
cryogenic valve entirely realized in copper and a shielded cryogenic current amplifier for the
realization of an AGT working below 4 K (Fig. 3.14);

Figure 3.14 (Left) Miniature copper acoustic resonator designed and realized for AGT measurements below 4 K at LNE-
CNAM with accessories: (Centre) cryogenic valve entirely realized in copper; (Right) cryogenic current comparator
amplifier for enhancing the S/N ratio of acoustic signals at low pressure.

Key research outputs and conclusions

This workpackage has significantly progressed the stat of the art of primary thermometry by acoustic
thermometry, dielectric constant gas thermometry and Johnson noise thermometry. These facilities and
techniques will be used in the successor InK 2 project to perform a complete assessment of T-Too.

The results already taken are impressive having the world& lowest ever uncertainties and identifying
previously unknown features in the T-Too consensus curve.

These results are summarised in the paper by Gavioso et al Phil Trans A 374, which is in the proceedings of

the Royal Society Workshop held to discuss progress
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The achievements are summarised as follows:

(o] (T-Teo) determined by DCGT at PTB with unprecedented low (first in the world) uncertainty between
29 K and 140 K;

(o] (T-Teo) determined by AGT at NPL with unprecedented low (first in the world) uncertainty between
118 K and 303 K;

(o] Absolute primary thermometry at Tw (ks determination) by JNT at NIM/NIST with unprecedented low
(first in the world) uncertainty;

(o] New measurement capability (first in the world) for AGT up to 1350 K demonstrated at NIM/NIST;

o] New measurement capability (first in the world) for AGT down to 1 K realized at LNE-CNAM,;

o] New measurement capabilities for high-temperature AGT up to 1000 K realized at NPL,
INRiM/Tubitak-UME (first in Europe);

o] (T-Too) determined by AGT down to 77 K at LNE-CNAM (first in Europe);

o] (T-Too) determined by AGT between 234 K and 303 K at INRiM,;

Objective 4 - Develop primary methods of realising and disseminating T below 1 K and resolve the
long standing discrepancy in the low temperature part of PLTS-2000

Introduction: Primary thermometry for low temperatures

The aim of this objective was to develop and improve primary thermometers for measurement of
thermodynamic temperature in the cryogenic low-temperature range below 1 K with low uncertainties.

The activities of this objective aimed at:

1 Building and testing several novel designs of primary thermometers for the direct realisation of the
kelvin to simplify the dissemination of the kelvin and for practical thermometry at temperatures below
1K

1 Resolving the long-standing discrepancy between the background data of the Provisional Low
Temperature Scale 2000 (PLTS-2000) through low-uncertainty primary thermometry.

Reliable and traceable thermometry is still a demanding task at low temperatures even though a great
variety of thermometers is available for temperature measurements. Most kinds of those thermometers
exhibit very non-linear characteristics restricting the useful range of application. For thermometry with
sufficient resolution and uncertainty the application of different thermometers in parallel is necessary to
cover the working range of widely used dilution refrigerators. Especially in the millikelvin region problems
arise from the dissipation of heat by the measurement process in the thermometer and the growing thermal
resistances between the sensing element and the object, the temperature of which is to be measured. In
order to prevent overheating of the temperature sensors, the excitation power of the measurement has to be
kept very small (below nanowatts or even picowatts). In addition, the devices may suffer from instabilities
and high sensitivity to external influences as thermal cycling during use, electromagnetic fields and others.
Therefore, relative uncertainties of temperature measurement of the order of 1% and lower are challenging
when going down in temperature below 1 K. In the range below 1 K, the dissemination of the kelvin is
usually realised using practical thermometers and superconductive reference points. The calibration of
these thermometers requires the expensive and time-consuming realisation of the PLTS-2000 traceable to
Sl units. For an individual practical thermometer the expenses for a calibration are at the same level or even
higher than the costs of the thermometer itself. In addition, after reasonable time a recalibration is advisable
to eliminate long-term drifts.

Research undertaken 1_Development of new primary thermometers

Three types of primary thermometers were developed, which are based on different working principles
allowing the identification of systematic effects in thermodynamic temperature measurement. The
thermometers developed are the Current Sensing Noise Thermometer (CSNT), the Coulomb Blockade
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