
 

KEY COMPARISON

Any further distribution of this Report must be cited as: 
R. Caballero et al 2026 CIPM MRA Comparison reports 03006 

https://doi.org/10.59161/QWSK9501 

© 2026, R. Caballero et al  
This report is published by the BIPM. 

Original content from this Report may be used under the terms of the  
Creative Commons Attribution 4.0 International (CC BY 4.0) Licence. 

Realizations of the ITS-90 from 
83.805 8 K to 692.677 K 

CCT-K9.3 

https://doi.org/10.59161/QWSK9501
https://creativecommons.org/licenses/by/4.0/


 
 

 
 
 
 
 
 
 

      
 

 

The CIPM MRA Comparison reports are made available under the 
Creative Commons Attribution International licence: 
Attribution 4.0 International (CC BY 4.0) 
 
 
 
 

By using this Report, you accept to be bound by the terms of this 
licence 
(https://creativecommons.org/licenses/by/4.0/).  

Distribution – you may distribute the Report according to the 
stipulations below. 

Attribution – you must cite the Report. 

Adaptations – you must cite the original Report, identify changes to the 
original and add the following text: This is an adaptation of an original 
Report by the Author(s). The opinions expressed and arguments 
employed in this adaptation should not be reported as representing the 
views of the Authors. 

Translations – you must cite the original Report, identify changes to the 
original and add the following text: In the event of any discrepancy 
between the original work and the translation, only the text of the 
original Report should be considered valid. 

Third-party material – the licence does not apply to third-party 
material in the Report. If using such material, you are responsible for 
obtaining permission from the third-party and of any claims of 
infringement. 

https://creativecommons.org/licenses/by/4.0/


 

1 

 

 

 

 

Final Report 

 

CCT-K9.3 

 

ITS-90 SPRT calibration from the Ar TP to the Zn FP 

 

September 2026 

(version 1) 

 

Authors: 

Raúl Caballero1, Elena Gómez1, Marinka Quezada2, Maia Zirakadze3, 

 Iuri Chelidze3, Luis Fernando Chaves4, Efrem Ejigu5 

 

 
1Centro Español de Metrología, CEM (Spain) 

2
 Centro de Estudios, Medición y Certificación de Calidad, CESMEC (Chile) 

3Georgian National Agency for Standards and Metrology, GEOSTM (Georgia) 
4Laboratorio Costaricense de Metrología, LACOMET (Costa Rica) 

5National Metrology Institute of South Africa, NMISA (South Africa) 

 



 

2 

 

INDEX 

1. ACKNOWLEDGEMENTS ...................................................................................................................................... 3 

2. INTRODUCTION .................................................................................................................................................... 3 

Participants .................................................................................................................................................................. 4 

3. PROTOCOL ........................................................................................................................................................... 5 

4. DEVICES USED AND MEASUREMENT RESULTS ........................................................................................... 10 

5. RESULTS OF THE COMPARISON ..................................................................................................................... 14 

6. REFERENCES ..................................................................................................................................................... 22 

ANNEX I. PROTOCOL ............................................................................................................................................ 23 

ANNEX II. DETAILED INSTRUMENTATION USED BY PARTICIPANTS .............................................................. 41 

II.1. GEOSTM – Instrumentation Used .................................................................................................................. 41 

II.2. LACOMET – Instrumentation Used ............................................................................................................... 44 

ANNEX III. DETAILED UNCERTAINTY TABLES ................................................................................................... 47 

III.1. GEOSTM - uncertainty ................................................................................................................................... 48 

III.2. LACOMET uncertainty .................................................................................................................................. 51 

ANNEX IV. IMMERSION PROFILES ....................................................................................................................... 54 

IV.1. GEOSTM immersion profiles ......................................................................................................................... 54 

IV.2 LACOMET immersion profiles ....................................................................................................................... 56 

ANNEX V. PHASE TRANSITION CURVES ............................................................................................................ 58 

V.1. GEOSTM phase transition curves ................................................................................................................... 58 

V.2 LACOMET phase transition curves ................................................................................................................. 60 

V.3 CEM phase transition curves ............................................................................................................................ 63 

 



 

3 

 

 

1. Acknowledgements  

This comparison is based on EURAMET.T-K9 results [1] and closely follows that schema for 

presenting some of the results and a similar approach to the uncertainty evaluation. The authors 

therefore thank the pilot laboratories and the coordinator of that comparison for their enormous 

efforts, and especially Fernando Sparasci, whom we thank for allowing us to draw on his 

previous work in preparing this report. 

2. Introduction 

This is a report to the Consultative Committee for Thermometry (CCT) on the comparison CCT-

K9.3 of SPRT calibration on the International Temperature Scale of 1990 (ITS- 90) from    

83.805 8 K (the argon triple point) to 692.677 K (the zinc freezing point). The transfer standards 

used are long-stem SPRTs. 

CCT-K9.3 is a comparison linked to the CIPM key comparison CCT-K9 via EURAMET.T-K9. 

The topology of the comparison is a star having a EURAMET.T-K9 participant (CEM) as pilot, 

which provides the link to the KCRV of the CCT-K9 (via EURAMET.T-K9. CEM is also the 

coordinator of the comparison, in charge of the collection of the measurement reports from all 

participants and the preparation of the final report. 

This comparison has been organized with the aim to provide support to the Calibration 

Measurement Capabilities claimed by the participants INMs in this range.  

The measurements of this comparison were performed from August 2023 to April 2025. 
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Participants  

The list of participating laboratories is the following.  

Centro Español de Metrología (CEM). Coordinator and Pilot laboratory. 

Alfar 2, Tres Cantos 28760 Spain 

Contact person: Raúl Caballero (rcaballero@cem.es) 

Telephone: +34 918 074 787 

 

Centro de Estudios, Medición y Certificación de Calidad (CESMEC S.A.) 

Av Marathon 2595, Macul, Santiago, Chile 

Contact person: Marinka Quezada (marinka.quezada@bureauveritas.com)  

Telephone: +569 64220872 

 

Georgian National Agency for Standards and Metrology (GEOSTM) 

Chargali street 67, Tbilisi 0178, Georgia 

Contact person: Maia Zirakadze (maiko.zirakadze@gmail.com) and Iuri Chelidze 

(temperature.geostm@gmail.com)  

 

Laboratorio Costaricense de Metrología (LACOMET) 

LACOMET, Ciudad de la Investigación, Universidad de Costa Rica, San Pedro, Montes 

de Oca, San José, Costa Rica 

Contact person: Luis Fernando Chaves Santacruz (lchaves@lacomet.go.cr)  

 

National Metrology Institute of South Africa (NMISA) 

Building 5 – CSIR Campus, Meiring Naude Road, Brummeria, Pretoria 0001 

Contact person: Efrem Ejigu (EEjigu@nmisa.org) 

Telephone: +27 12 947 2748 

 

It has to be noted that CESMEC was not available to finish the comparison because of the poor 

stability and behaviour of the travel standard elected, an Isotech 670SH with serial number 274.  

Among other things an instability higher than 15 mK at the triple point of water was observed. 

It was decided to withdrawn from the comparison by mutual agreement. 

 

mailto:rcaballero@cem.es
mailto:maiko.zirakadze@gmail.com
mailto:lchaves@lacomet.go.cr
mailto:EEjigu@nmisa.org
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Although NMISA has participated in this comparison, they voluntary decided to withdraw from 

it, so their results are not included in this report. 

 

3. Protocol 

3.1. Protocol 

The protocol of this comparison was initially agreed between CEM, CESMEC, GEOSTM, 

LACOMET and NMISA. After receiving some comments from the CCT-WG-KC reviewers, a 

new version of the protocol (see annex 1), addressing all the reviewers’ comments was sent, 

approved by the CCT-WG-KC and registered in the BIPM KCDB on December 2023.  

Each participating NMI selected one SPRT of their own for being used in the comparison. NMIs 

calibrated their SPRTs at every available ITS-90 fixed point within the range of this comparison. 

The selected SPRTs were delivered to the pilot (CEM). The travelling thermometer and its initial 

calibration results were provided to the pilot laboratory, which assigned an identifier in the 

format Lj (with j= 1, for GEOSTM and j=2 for LACOMET). Following the calibration realized 

by the pilot laboratory, the SPRTs were returned to their respective owners, and each NMI 

completed a final set of calibrations at their facility. All measurement results, corresponding 

uncertainties, and fixed-point cell uncertainty budgets were reported to the pilot laboratory in a 

format suggested by Appendices C and D in the CCT-K9.3 protocol (the protocol is included 

here as Annex I).  

In order to provide a reliable linkage to the CCT-K9, via EURAMET.T-K9, the Pilot Laboratory 

(CEM) has used the same equipment as that used in EURAMET.T-K9.  

3.2 Calculating temperature differences with CCT-K9 KCRV 

We begin with an explicit derivation of the calculations used in this comparison. Lj identifies 

both the laboratory (with j= 1, for GEOSTM and j=2 for LACOMET).and also the travelling 

thermometer of a given participating laboratory. It has to be noticed that in the case of L2, for 

LACOMET, the thermometer used for the FP of Hg and Ar is different from the one used in the 

FP of Zn, Sn, In and Ga (see table 4.1). 
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Resistance ratios, W (see W definition in ITS-90 [2]), were measured at each of the six fixed 

points included in this comparison. Each participating NMI Lj recorded initial values of WLj,before 

for its travelling SPRT. The travelling SPRT was then transported to the pilot laboratory, CEM, 

where WLj,CEM was measured. Finally, the SPRT returned to its NMI for a third and final 

measurement WLj,after. All W values may have included multiple realizations for each SPRT at 

each fixed point. 

Average W values are calculated by: 

𝑊̅L𝑗 =
1

2
(𝑊𝐿𝑗,𝑏𝑒𝑓𝑜𝑟𝑒 + 𝑊𝐿𝑗,𝑎𝑓𝑡𝑒𝑟)    (1) 

The temperature difference ΔT(Lj-CEM) between the fixed-point realization performed at CEM, 

and each participating NMI Lj is calculated as:  

∆𝑇(𝐿𝑗−𝐶𝐸𝑀) =
𝑊̅L𝑗−𝑊𝐿𝑗,𝐶𝐸𝑀 

𝑑𝑊𝑟 𝑑𝑇⁄
+ 𝐶𝑗    (2) 

where dWr/dT represents the sensitivity of the reference function Wr defined in the ITS-90 an Cj 

is a term used to account for uncertainty associated with the travel, handling, or stability of the 

SPRT. Its expected value is assumed to be zero, with an associated uncertainty that will be 

discussed below. 

The temperature difference ΔT(Lj-KCRV)  between the fixed-point realized by the NMI Lj and the 

KCRV of CCT-K9 is calculated using the following equation: 

∆𝑇(𝐿𝑗−𝐾𝐶𝑅𝑉) = ∆𝑇(𝐿𝑗−𝐶𝐸𝑀) + ∆𝑇(𝐶𝐸𝑀−𝐾𝐶𝑅𝑉)     (3) 

where ΔT(CEM-KCRV) is the difference between the fixed-point temperature realized by the pilot 

CEM and the KCRV of the CCT-K9 comparison. ΔT(CEM-KCRV) is retrieved from the 

EURAMET.T-K9 report [1], where it is named ΔT(Lij-KCRV) (see equation 3 in [1]). 

 

3.3 Calculating uncertainties 

The standard uncertainties presented in this report are denoted by u. The corresponding expanded 

uncertainties, defining an interval estimated to have a level of confidence of 95.45 % are denoted 

by U. 
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Uncertainty budgets provided by each NMI are used to calculate the uncertainty of each 

laboratory’s final value ΔT(Lj-KCRV). The NMIs provided two uncertainty budgets, one associated 

to the ‘before’ measurement set and the other to the ‘after’ one. All the participating NMIs 

classified each uncertainty contribution in their budgets according to the evaluation method used, 

i.e. Type A, evaluated statistically, or Type B, evaluated in any other fashion. Conversely, at 

data analysis phase, and to follow the same approach to consider correlated and uncorrelated 

components as in the EURAMET.T-K9, the NMIs were asked to provide information on whether 

a contribution was strongly correlated between measurements (systematic) or fluctuated 

randomly (random). The uncertainty budgets reported in Annex III display the 

random/systematic breakdown for each laboratory. 

The uncertainty in 𝑊 ̅𝐿j, arising from the combined ‘before’ and ‘after’ travelling measurement 

sets, is calculated combining the uncertainties provided by the NMI for these two sets. Random 

components were treated as completely uncorrelated and combined according to GUM [3] 

section 5.1.2. Systematic components were treated as correlated and combined according to 

GUM [3] section 5.2.2. 

This leads to 

𝑢2(𝑊̅𝐿𝑗) =
1

4
(

𝑢𝑅
2 (𝑊𝐿𝑗,𝑏𝑒𝑓𝑜𝑟𝑒)

𝑛𝑏𝑒𝑓𝑜𝑟𝑒
+

𝑢𝑅
2 (𝑊𝐿𝑗,𝑎𝑓𝑡𝑒𝑟)

𝑛𝑎𝑓𝑡𝑒𝑟
) + (

𝑢𝑆(𝑊𝐿𝑗,𝑏𝑒𝑓𝑜𝑟𝑒)

2
+

𝑢𝑆(𝑊𝐿𝑗,𝑎𝑓𝑡𝑒𝑟)

2
)

2

   (4) 

where uR (WLj,before ) and uR (WLj,after ) are the random parts of the uncertainties respectively 

associated to the ‘before’ and ‘after’ measurements, nbefore and nafter d(see datasets in sections 4.4 

to 4.6) are the number of realizations measured by that particular SPRT at the indicated fixed 

point respectively ‘before’ and ‘after’ travelling, and uS (WLj,before ) and uS (WLj,after ) are the 

systematic components of the ‘before’ and ‘after’ measurements. 

Every SPRT used in the comparison is assigned a transfer uncertainty associated with its 

measurements at each fixed point. The transfer uncertainties u(CLj) are calculated from the shift 

in W measured at the NMI before and after transport to the pilot laboratory. 

𝑢(𝐶𝐿𝑗) =
1

2√3

|𝑊𝐿𝑗,𝑏𝑒𝑓𝑜𝑟𝑒−𝑊𝐿𝑗,𝑎𝑓𝑡𝑒𝑟|

𝑑𝑊𝑟 𝑑𝑇⁄
     (5) 
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In other words, the transfer of the SPRT to and from the pilot laboratory introduces an uncertainty 

about the mean value 𝑊 ̅Lj, which is bounded by the minimum and maximum measured values, 

WLj,before and WLj,after, and is assumed to have a rectangular distribution.  

The total uncertainty in ΔT(Lj-CEM) is then: 

𝑢(𝐿𝑗−𝐶𝐸𝑀)
2 =

1

(𝑑𝑊𝑟 𝑑𝑇⁄ )2 (𝑢2(𝑊̅𝐿𝑗) + 𝑢2(𝑊𝐿𝑗,𝐶𝐸𝑀)) + 𝑢2(𝐶𝐿𝑗)   (6) 

where is 𝑢(𝑊L𝑗,CEM) the uncertainty about the measurement of thermometer Lj carried out at the 

pilot laboratory, CEM. 

The uncertainty associated to the temperature difference ΔT(Lj-KCRV) is: 

𝑢(𝐿𝑗−𝐾𝐶𝑅𝑉)
2 = 𝑢(𝐿𝑗−𝐶𝐸𝑀)

2 + 𝑢(𝐶𝐸𝑀−𝐾𝐶𝑅𝑉)
2 + 2𝑢[(𝐿𝑗−𝐶𝐸𝑀),(𝐶𝐸𝑀−𝐾𝐶𝑅𝑉)]    (7) 

where: 

• 𝑢(𝐶𝐸𝑀−𝐾𝐶𝑅𝑉)
2  is the uncertainty associated to the deviation of the temperature of 

CEM from the CCT-K9 KCRV. 𝑢(𝐶𝐸𝑀−𝐾𝐶𝑅𝑉)
2  is retrieved from the     

EURAMET.T-K9 report [1], where it is named u2
(Lij-KCRV) (see equation (7) in 

[1]). 

• 2𝑢[(𝐿𝑗−𝐶𝐸𝑀),(𝐶𝐸𝑀−𝐾𝐶𝑅𝑉)] is the covariance associated to ΔT(Lj-CEM) and ΔT(CEM-KCRV), 

namely 2𝑢[(𝐿𝑗−𝐶𝐸𝑀),(𝐶𝐸𝑀−𝐾𝐶𝑅𝑉)] = 𝑐𝑜𝑣(∆𝑇(𝐿𝑗−𝐶𝐸𝑀), ∆𝑇(𝐶𝐸𝑀−𝐾𝐶𝑅𝑉)). This is a term 

accounting for the correlation of measurements carried out by the pilot laboratory 

CEM respectively in the EURAMET.T-K9 and CCT-K9.3. The evaluation of this 

correlation is detailed in the following section 3.4. 

 

3.4 Estimating correlations between EURAMET.T-K9 and CCT-K9.3 

The link between CCT-K9.3 and CCT-K9 KCRVs (via EURAMET.T-K9) is provided by the 

pilot laboratory CEM through equation (3), with the uncertainties expressed in equation (7). The 

uncertainties of CEM are counted in both the first two terms of equation (7) and are likely to be 

correlated. The third term of equation (7) accounts for this correlation and we explain here how 

we evaluated those correlations. 

Here, to treat with this correlation term it was follow the same approach and assumptions 

described in 2.4. EURAMET.T-K9 report [1]. Thus the equation (7) can be written as: 
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𝑢(𝐿𝑗−𝐾𝐶𝑅𝑉)
2 = 𝑢(𝐿𝑗−𝐶𝐸𝑀)

2 + 𝑢(𝐶𝐸𝑀−𝐾𝐶𝑅𝑉)
2 − 2𝑢𝑇(𝑊𝐿𝑗,𝐶𝐸𝑀, ∆𝑇𝐶𝐸𝑀𝐶𝐶𝑇−𝐾9 )   (8) 

where ∆𝑇𝐶𝐸𝑀𝐶𝐶𝑇−𝐾9  is the temperature realized in EURAMET.T-K9 by CEM. 

The correlation term in equation (8) involves measurements performed at CEM, in the two 

comparisons, respectively CCT-K9.3 and EURAMET.T-K9. CEM refers, in section 4.2, the 

equipment used for measurements CCT-K9.3, which is substantially the same than the one used 

in EURAMET.T-K9. 

Consequently, we considered that the systematic components of the CCT-K9.3 uncertainty 

budgets elaborated by CEM, 𝑢𝑆,𝑇(𝑊𝐿𝑗,𝐶𝐸𝑀), are fully correlated with those provided by CEM in 

EURAMET.T-K9, 𝑢𝑆( ∆𝑇𝐶𝐸𝑀𝐶𝐶𝑇−𝐾9 ), leading to: 

𝑢𝑇(𝑊𝐿𝑗,𝐶𝐸𝑀, ∆𝑇𝐶𝐸𝑀𝐶𝐶𝑇−𝐾9 ) = 𝑢𝑆,𝑇(𝑊𝐿𝑗,𝐶𝐸𝑀) · 𝑢𝑆( ∆𝑇𝐶𝐸𝑀𝐶𝐶𝑇−𝐾9 ) ≅ 𝑢𝑆,𝑇
2 (𝑊𝐿𝑗,𝐶𝐸𝑀)   (9) 

The approximation in equation (9) is a consequence of the fact that the systematic uncertainties 

of CEM are nearly identical in CCT-K9.3 and EURAMET.T-K9, so  

𝑢𝑆,𝑇(𝑊𝐿𝑗,𝐶𝐸𝑀) ≅ 𝑢𝑆( ∆𝑇𝐶𝐸𝑀𝐶𝐶𝑇−𝐾9 ). 
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4. Devices used and measurement results 

4.1. Devices used 

The SPRTs used in the comparison are listed in Table 4.1. 

Laboratory SPRT ID Fixed Points Serial n. Manufacturer Model 

GEOSTM L1 Zn, Sn, Ga, Hg 339 ISOTECH 670SQ 

LACOMET 

L21 Zn, Sn, In, Ga 243 ISOTECH 670 

L22 Hg, Ar 541 ISOTECH 670SQ 

Table 4.1. SPRTs used in this comparison. 

 

4.2. Data collection at pilot laboratory  

Comparison measurements at CEM were performed from February 2024 through July 

2024. The fixed-point cells and the measurement systems were the same used in 

EURAMET.T-K9, in order to provide a link to the KCRV of the CCT-K9 through 

EURAMET.T-K9 results. CEM used the same control thermometers as those used in 

EURAMET.T-K9. 

• The cells employed in CCT-K9.3 were: 

Zinc FP: Zn 11 

Tin FP: Sn 742876 

In FP: In 97 

Ga FP: Ga L8256 

H2O TP: H2O 1136 
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Hg TP: Hg 62 

Ar TP: Ar 29 

The cells are the same as those used in EURAMET.T-K9. 

• The measurement system used in CCT-K9.3 were: 

Resistance bridge: ASL F900 (s/n 7432 001 001) 

Standard resistors: Tinsley 5685-A 260083 (100 Ω)  

The system is the same used in EURAMET.T-K9. 

 

4.3. SPRT data collected from participating laboratories  

NMIs reported their ´before´ and ´after´ W values according to the format established in 

the Appendix C of the CCT-K9.3 protocol. Each of the following tables includes values 

of W, and the associated expanded uncertainties U, as supplied by NMIs.  
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4.4. GEOSTM dataset  

Fixed point W U (mK) 
n. 

realizations 

Before Pilot 

Zn 2.568 351 0 2.10 2 

Sn 1.892 486 7 1.60 2 

In      

Ga 1.118 098 2 1.00 2 

Hg 0.844 191 9 1.10 2 

Ar      

At Pilot 

Zn 2.568 355 1 1.24 2 

Sn 1.892 485 3 1.30 2 

In      

Ga 1.118 097 1 0.31 2 

Hg 0.844 190 6 0.31 2 

Ar      

After Pilot 

Zn 2.568 335 6 2.00 2 

Sn 1.892 473 3 1.60 2 

In      

Ga 1.118 099 6 1.00 2 

Hg 0.844 187 3 1.00 2 

Ar      

Table 4.4. Data supplied by the participating laboratory GEOSTM ‘before’ and ‘after’, and data of measurements 

performed by pilot CEM. U is the expanded uncertainty at the k = 2 level. 
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4.5. LACOMET dataset 

Fixed point W U (mK) 
n. 

realizations 

Before Pilot 

Zn 2.567 256 0 2.00 2 

Sn 1.891 861 8 1.42 2 

In 1.609 167 2 1.26 2 

Ga 1.118 019 4 0.50 2 

Hg 0.844 170 8 0.66 2 

Ar 0.215 995 9 0.86 2 

At Pilot 

Zn 2.567 258 9 1.09 2 

Sn 1.891 866 8 0.63 2 

In 1.609 169 5 0.69 2 

Ga 1.118 018 6 0.27 2 

Hg 0.844 170 5 0.56 2 

Ar 0.215 995 5 0.79 2 

After Pilot 

Zn 2.567 257 2 1.94 2 

Sn 1.891 862 3 1.14 2 

In 1.609 167 9 1.20 2 

Ga 1.118 019 0 0.54 2 

Hg 0.844 170 9 0.58 2 

Ar 0.216 000 0 1.00 2 

Table 4.5. Data supplied by the participating laboratory LACOMET ‘before’ and ‘after’, and data of 

measurements performed by pilot CEM. U is the expanded uncertainty at the k = 2 level. 
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5. Results of the comparison 

Tables and plots from section 5.1 through section 5.6 summarize the deviations (ΔT(Lj-KCRV) ) of 

NMI results from the KCRV of CCT-K9 at each fixed point. Tables and plots from section 5.7 

through section 5.9 provide the same results, organized by laboratory. Error bars in all of these 

plots show the uncertainty (U(Lj-KCRV)) in the value ΔT(Lj-KCRV) at the k = 2 level. 

5.1 Zinc 

The results of this comparison at the zinc point are summarized in Table 5.1 and Figure 5.1. 

Laboratory 
ΔT(Lj - KCRV) U(Lj - KCRV) 

 mK  mK 

GEOSTM -1.94 2.78 

LACOMET 0.78 1.58 

Table 5.1. Deviations ΔT(Lj-KCRV) measured at the zinc point. Uncertainties are displayed at the k = 2 level. 

 

Figure 5.1. Deviations ΔT(Lj-KCRV) measured at the zinc point. Error bars represent uncertainty U(Lj-KCRV) 

  

-5

-4

-3

-2

-1

0

1

2

3

4

5

Δ
T (

Lj
 -

KC
R

V
), 

m
K

Zn

GEOSTM LACOMET



 

15 

 

 

5.2 Tin 

The results of this comparison at the tin point are summarized in Table 5.2 and Figure 5.2. 

Laboratory 
ΔT(Lj - KCRV) U(Lj - KCRV) 

 mK  mK 

GEOSTM -1.28 2.28 

LACOMET -0.17 1.13 

Table 5.2. Deviations ΔT(Lj-KCRV) measured at the tin point. Uncertainties are displayed at the k = 2 level 

 

Figure 5.2. Deviations ΔT(Lj-KCRV) measured at the tin point. Error bars represent uncertainty U(Lj-KCRV) 
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5.3 Indium 

The results of this comparison at the indium point are summarized in Table 5.3 and Figure 5.3. 

Laboratory 
ΔT(Lj - KCRV) U(Lj - KCRV) 

 mK  mK 

GEOSTM     

LACOMET -0.05 0.89 

Table 5.3. Deviations ΔT(Lj-KCRV) measured at the indium point. Uncertainties are displayed at the k = 2 level 

 

Figure 5.3. Deviations ΔT(Lj-KCRV) measured at the indium point. Error bars represent uncertainty U(Lj-KCRV) 

  

-3

-2

-1

0

1

2

3

Δ
T (

Lj
 -

KC
R

V
), 

m
K

In

GEOSTM LACOMET



 

17 

 

 

5.4 Gallium 

The results of this comparison at the gallium point are summarized in Table 5.4 and Figure 5.4. 

Laboratory 
ΔT(Lj - KCRV) U(Lj - KCRV) 

 mK  mK 

GEOSTM 0.53 1.23 

LACOMET 0.21 0.63 

Table 5.4. Deviations ΔT(Lj-KCRV) measured at the gallium point. Uncertainties are displayed at the k = 2 level 

 

Figure 5.4. Deviations ΔT(Lj-KCRV) measured at the gallium point. Error bars represent uncertainty U(Lj-KCRV) 
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5.5 Mercury 

The results of this comparison at the mercury point are summarized in Table 5.5 and Figure 5.5. 

Laboratory 
ΔT(Lj - KCRV) U(Lj - KCRV) 

 mK  mK 

GEOSTM 0.41 1.62 

LACOMET 0.74 0.93 

Table 5.5. Deviations ΔT(Lj-KCRV) measured at the mercury point. Uncertainties are displayed at the k = 2 level 

 

Figure 5.5. Deviations ΔT(Lj-KCRV) measured at the mercury point. Error bars represent uncertainty U(Lj-KCRV) 
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5.6 Argon 

The results of this comparison at the argon point are summarized in Table 5.6 and Figure 5.6. 

Laboratory 
ΔT(Lj - KCRV) U(Lj - KCRV) 

 mK  mK 

GEOSTM     

LACOMET -0.04 1.49 

Table 5.6. Deviations ΔT(Lj-KCRV) measured at the argon point. Uncertainties are displayed at the k = 2 level 

 

Figure 5.6. Deviations ΔT(Lj-KCRV) measured at the argon point. Error bars represent uncertainty U(Lj-KCRV) 
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5.7 GEOSTM - results 

 ΔT(Lj - KCRV) U(Lj - KCRV) 

 mK  mK 

Zn -1.94 2.78 

Sn -1.28 2.28 

In     

Ga 0.53 1.23 

Hg 0.41 1.62 

Ar   

Table 5.7. . Deviations ΔT(Lj-KCRV) at each fixed-point measured at GEOSTM. 

Uncertainties are displayed at the k = 2 level  

 

Figure 5.7. Deviations ΔT(Lj-KCRV) at each fixed-point measured at GEOSTM. Error bars 

represent uncertainty U(Lj-KCRV) 
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5.8 LACOMET - results 

 ΔT(Lj - KCRV) U(Lj - KCRV) 

 mK  mK 

Zn 0.78 1.58 

Sn -0.17 1.13 

In -0.05 0.89 

Ga 0.21 0.63 

Hg 0.74 0.93 

Ar -0.04 1.49 

Table 5.8. . Deviations ΔT(Lj-KCRV) at each fixed-point measured at LACOMET. 

Uncertainties are displayed at the k = 2 level  

 

 

Figure 5.8. Deviations ΔT(Lj-KCRV) at each fixed-point measured at LACOMET. Error bars 

represent uncertainty U(Lj-KCRV) 
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ANNEX I. PROTOCOL 
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ANNEX II. Detailed Instrumentation Used By Participants 

II.1. GEOSTM – Instrumentation Used 

Laboratory name Temperature and humidity reference unit 

Bridge Resistance measuring bridge with 

scanner 

(Super thermometer) 

Manufactured Fluke. USA 

Type 1595A 

AC or DC  

If AC, give Frequency  

If DC, give Period of reversal  

Normal measurement current 1 mA 

Self-heating current 1.42 mA 

Evaluation of linearity of resistance  

Bridge (yes or not)  

If yes, How?  

Reference resistor  

Manufactured / type "England, ASL" 

Reference resistor temperature control (yes or not) Yes 

If yes, How? Oil Thermostat 

TPW Cell  

Manufactured / model USA, Fluke. model 5901D-G 

Serial number 1369 

Is it a primary reference? (if not explain its traceability)  key comparison #593/RU/13 

Immersion depth of middle of the SPRT sensitive element/cm 24 cm 

How are mantles maintained (ice, bath, …) Triple point water thermostat 

Zn Cell  

Manufactured / model USA Fluke 5906 

Is it a primary reference? (if not explain its traceability) key comparison #593/RU/13 

Immersion depth of middle of the SPRT sensitive element/cm 17 cm 

Closed cell or open closed 

Nominal purity 99.9999 

Immersion depth of middle of the SPRT sensitive element/cm 17 cm 

Zn Furnace  

Type ( 1 zone, 3 zones, heat pipe, …) 3 zones 

Typical duration of the melting / freezing plateaux freezing plateaux 
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Sn Cell  

Manufactured / model Russia VNIIM, T30 #189 

Is it a primary reference? (if not explain its traceability) key comparison #593/RU/13 

Immersion depth of middle of the SPRT sensitive 

element/cm 

17 cm 

Closed cell or open Closed 

Nominal purity 99.9999 

Immersion depth of middle of the SPRT sensitive 

element/cm 

17 cm 

Sn Furnace  

Type ( 1 zone, 3 zones, heat pipe, …) 3 zones 

Typical duration of the melting / freezing plateaux freezing plateaux 

Ga Cell  

Manufactured / model USA, Fluke. model 5943 

Is it a primary reference? (if not explain its traceability) Yes 

Immersion depth of middle of the SPRT sensitive 

element/cm 

152 mm 

Closed cell or open Closed 

Nominal purity 99.99999 

Immersion depth of middle of the SPRT sensitive 

element/cm 

152 mm 

Ga Furnace Ga Furnance Thermostat 

Type ( 1 zone, 3 zones, heat pipe, …) Programmable 9230 

Typical duration of the melting / freezing plateaux Melting plateau 
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Hg Cell Ampule of mercury 

Manufactured / model USA, Fluke; 5900E 

Is it a primary reference? (if not explain its traceability) Yes 

Immersion depth of middle of the SPRT sensitive 

element/cm 

210 mm 

Closed cell or open closed 

Nominal purity 99.99999 

Immersion depth of middle of the SPRT sensitive 

element/cm 

210 mm 

Hg cryostat  

Type ( cryocooler, bath,…) 7037 cryocooler 

Typical duration of the melting plateaux Melting plateau 
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II.2. LACOMET – Instrumentation Used 

Laboratory name LACOMET 

Bridge  

Manufactured ISOTECH 

Type TTI-3 

AC or DC DC 

If AC, give Frequency  --- 

If DC, give Period of reversal 8 s 

Normal measurement current 1 mA 

Self-heating current √2 mA 

Evaluation of linearity of resistance Yes 

Bridge (yes or not) Yes 

If yes, How? Using an RBC 

Reference resistor  

Manufactured / type TINSLEY / model 5685A 

Nominal value 25 Ω   

Reference resistor temperature control (yes or not) Yes 

If yes, How? Oil bath 

TPW Cell  

Manufactured / model ISOTECH / A11-50-270 

Serial number 1203 

Is it a primary reference? (if not explain its traceability)  Primary reference 

Immersion depth of middle of the SPRT sensitive element/cm 25,3 cm 

How are mantles maintained (ice, bath, …) Bath 

Zn Cell  

Manufactured / model ISOTECH / 17672QCO 

Is it a primary reference? (if not explain its traceability) Yes 

Immersion depth of middle of the SPRT sensitive element/cm 17,3 cm 

Closed cell or open Open 

Nominal purity 6N 

Immersion depth of middle of the SPRT sensitive element/cm 17,3 cm 

Zn Furnace  

Type ( 1 zone, 3 zones, heat pipe, …) Heat pipe 

Typical duration of the melting / freezing plateaux 8 h 
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Sn Cell  

Manufactured / model ISOTECH / 17669QCO 

Is it a primary reference? (if not explain its traceability) Yes 

Immersion depth of middle of the SPRT sensitive element/cm 17,3 cm 

Closed cell or open Open 

Nominal purity 6 N 

Immersion depth of middle of the SPRT sensitive element/cm 17,3 cm 

Sn Furnace  

Type ( 1 zone, 3 zones, heat pipe, …) 3 zones 

Typical duration of the melting / freezing plateaux 9 h 

In Cell  

Manufactured / model ISOTECH / 17668QCO 

Is it a primary reference? (if not explain its traceability) Yes 

Immersion depth of middle of the SPRT sensitive element/cm 17,3 cm 

Closed cell or open Open 

Nominal purity 6N 

Immersion depth of middle of the SPRT sensitive element/cm 17,3 cm 

In Furnace  

Type ( 1 zone, 3 zones, heat pipe, …) 1 zone 

Typical duration of the melting / freezing plateaux 11 h 

Ga Cell  

Manufactured / model ISOTECH / ITL-M-17401 

Is it a primary reference? (if not explain its traceability) Yes 

Immersion depth of middle of the SPRT sensitive element/cm 20,3 cm 

Closed cell or open Closed 

Nominal purity 7N 

Immersion depth of middle of the SPRT sensitive element/cm 20,3 cm 

Ga Furnace  

Type ( 1 zone, 3 zones, heat pipe, …) 1 zone 

Typical duration of the melting / freezing plateaux 16 h 
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Hg Cell  

Manufactured / model ISOTECH / ITL-M-17724 

Is it a primary reference? (if not explain its traceability) Yes 

Immersion depth of middle of the SPRT sensitive element/cm 14,3 

Closed cell or open Closed 

Nominal purity 7 N 

Immersion depth of middle of the SPRT sensitive element/cm 14,3 

Hg cryostat  

Type ( cryocooler, bath,…) Cryostat 

Typical duration of the melting plateaux 12 h 

Ar Cell  

Manufactured / model ISOTECH / 471 

Is it a primary reference? (if not explain its traceability) Yes 

Immersion depth of middle of the SPRT sensitive element/cm 12,1 cm 

Closed cell or open  

Nominal purity 6 N 

Immersion depth of middle of the SPRT sensitive element/cm 12,1 cm 

Ar cryostat  

Type ( cryocooler, bath,…) Pressure controlled dewar 

Typical duration of the melting plateaux 3,5 h 
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ANNEX III. Detailed uncertainty tables 

The following tables contain detailed uncertainties supplied by each NMI, along with the 

uncertainties determined at the pilot laboratory (CEM). 

The columns named “Type” provide information to indicate whether an uncertainty component 

is related to either a random (R) or a systematic effect (S). 
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III.1. GEOSTM - uncertainty 

 

 

Table III.1.a Uncertainty budget supplied by GEOSTM, valid for 

measurements performed before SPRT travelling. 
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Table III.1.b Uncertainty budget determined at CEM on GEOSTM SPRT. 
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Table III.1.c Uncertainty budget supplied by GEOSTM, valid for 

measurements performed after SPRT travelling. 
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III.2. LACOMET uncertainty 

 

Table III.2.a. Uncertainty budget supplied by LACOMET, valid for measurements performed before SPRTs 

travelling. 
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Table III.2.b Uncertainty budget determined at CEM on LACOMET SPRTs. 
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Table III.2.c Uncertainty budget supplied by LACOMET, valid for measurements performed after SPRTs 

travelling. 
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ANNEX IV. Immersion profiles 

IV.1. GEOSTM immersion profiles 

 

 
Figure IV.1.1. GEOSTM immersion profile of SPRT 339 at the Zn freezing point. 

 

 

 
Figure IV.1.2. GEOSTM immersion profile of SPRT 339 at the Sn freezing point. 
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Figure IV.1.3. GEOSTM immersion profile of SPRT 339 at the Ga melting point. 

 

 

 
Figure IV.1.4. GEOSTM immersion profile of SPRT 339 at the Hg triple point. 
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IV.2 LACOMET immersion profiles 

 
Figure IV.2.1. LACOMET immersion profile of SPRT 243 at the Zn freezing point. 

 

 

 
Figure IV.2.2. LACOMET immersion profile of SPRT 243 at the Sn freezing point. 

 

 

 
Figure IV.2.3. LACOMET immersion profile of SPRT 243 at the In freezing point. 
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Figure IV.2.4. LACOMET immersion profile of SPRT 243 at the Ga melting point. 

 

 

 
Figure IV.2.5. LACOMET immersion profile of SPRT 541 at the Hg triple point. 

 

 

 
Figure IV.2.6. LACOMET immersion profile of SPRT 541 at the Ar triple point. 
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ANNEX V. Phase transition curves 

The graphs included below correspond to example of the phase transition curves of the fixed 

point cells used by the participants during the comparison. 

V.1. GEOSTM phase transition curves 

 

Figure V.1.1. GEOSTM Zn phase transition curve. 

 

 

Figure V.1.2. GEOSTM Sn phase transition curve. 
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Figure V.1.3. GEOSTM Ga phase transition curve. 

 

 

Figure V.1.4. GEOSTM Hg phase transition curve. 
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V.2 LACOMET phase transition curves 

 

Figure V.2.1. LACOMET Zn phase transition curve. 

 

Figure V.2.2. LACOMET Sn phase transition curve. 
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Figure V.2.3. LACOMET In phase transition curve. 

 

 

Figure V.2.4. LACOMET Ga phase transition curve. 
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Figure V.2.5. LACOMET Hg phase transition curve. 

 

 

Figure V.2.6. LACOMET Ar phase transition curve.  
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V.3 CEM phase transition curves 

 

Figure V.3.1. CEM Zn phase transition curve. 

 

 

Figure V.3.2. CEM Sn phase transition curve. 
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Figure V.3.3. CEM In phase transition curve. 

 

 

Figure V.3.4. CEM Ga phase transition curve. 
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Figure V.3.5. CEM Hg phase transition curve. 

 

 

Figure V.3.6. CEM Ar phase transition curve. 
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