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Chapter 1

Introduction

This is a report to the Consultative Committee for Thermometry (CCT) on the key comparison 9
of Standard Platinum Resistance Thermometer (SPRT) calibration on the International Tempera-
ture Scale of 1990 (ITS-90) [1] from 83.8058 K (the Ar triple point) to 692.677 K (the Zn freezing
point). The comparison followed a collapsed star protocol, with each of the fourteen participating
laboratories shipping two standard platinum resistance thermometers (SPRTSs) as transfer stan-
dards to the pilot laboratory (National Institute of Standards and Technology, NIST) for a direct
comparison of SPRT calibration at the National Metrology Institute (NMI) of origin to calibration
at NIST. Measurements were taken at the participating laboratories before and after measurement
at NIST to assess the effect of transportation on the transfer standards. The pooled results from
all laboratories were combined to calculate a key comparison reference value (KCRV).

This report includes the calculation of, and comparisons to, the KCRV as well as bilateral
comparisons between labs. In addition, there is space devoted to analysis of the shifts in SPRT
values following travel.

1.1 Participating laboratories

The laboratories that participated in this key comparison represent four distinct regional metrology
organizations:

e APMP: Asia Pacific Metrology Programme

e COOMET: Euro-Asian Cooperation of National Metrological Institutions

e EUROMET: European Association of National Metrology Institutes

e SIM: Inter-American Metrology System

The laboratories are summarized in Table 1.1 and laboratory contacts listed in Table 1.2.

Fourteen NMI laboratories participated in this comparison, in addition to the pilot lab. One of
those labs, VNIIM, noted instability in both their transfer standards and had to withdraw from the
comparison after data collection had been completed. Originally a fifteenth participant (National
Metrology Institute of South Africa, located in Pretoria, South Africa) was included, but equipment
and personnel challenges forced them to withdraw from the comparison before measurements were
complete.
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Pilot, (SIM)
APMP
APMP
APMP
APMP
COOMET
EUROMET
EURAMET
EURAMET
EURAMET
EURAMET
EURAMET
SIM

SIM

SIM

NIST Tobias Herman
KRISS Inseok Yang

NIM Jianping Sun

NMIA Mong-Kim Ho
NMIJ/AIST Januarius Widiatmo
VNIIM Withdrawn

BIPM Stephane Solve
INRIM Giuseppina Lopardo
LNE-Cnam  Fernando Sparasci
NPL Jonathon Pearce
PTB Steffan Rudtsch
VSL Conny de Bruin Barendrect
INMETRO  Klaus Quelhas

INTI Javier Garcia Skabar
NRC Sergey Dedyulin

Table 1.2: NMI contacts



Chapter 2

Protocol used in the comparison

2.1 Protocol

Each participating NMI selected two of their own SPRTSs for use in the comparison. NMIs calibrated
their SPRTs at every available I'T'S-90 fixed point within the range of this comparison. The initial
calibration results were provided to the pilot laboratory (NIST), and the SPRT's were transported to
NIST for calibration. Following the NIST calibration, 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 NIST in a
format suggested by Appendices A and C in the Key Comparison 9 (“K9”) Protocol (the original
protocol is included here as Appendix A).

The key comparison reference value (KCRV) specified in the K9 Protocol is calculated as a
simple mean of individual NMI values at each fixed point. However, a number of SPRTs were
excluded from the KCRV calculation, as larger-than-expected shifts during transportation caused
these SPRT's to fail the “cutoff criteria,” derived from the NMI measurements and NMI-reported
uncertainty budgets (see Chapter 3). A detailed analysis of the larger-than-expected shifts observed
during repeated calibration cycles is presented in Chapter 4. There was no clear source for the
greater than expected shifts, and no attempt was made to adjust the protocol to reduce the number
of “failures” when evaluating the cutoff criteria.

Furthermore, there was a greater-than-expected variation in the “at-NIST” measurements at
certain fixed points. This additional variation is addressed by increasing the uncertainty of the
relevant at-NIST measurements, as will be described in later chapters, but the calculations outlined
in the original protocol and described below were still followed.

Some other interpretations of how to calculate the KCRV, AT, are discussed in Appendix E

2.2 Calculating AT\NmI-KCRV

We begin with an explicit derivation of the calculations used in this comparison, reproduced from
the original protocol but in greater detail. This section is not required to understand the comparison
results presented in Chapter 3.

Resistance ratios, W, were measured at each of the six fixed points included in this comparison.
Each participating NMI recorded initial values of W for their two SPRTs (W{*"¢ and Wiinte).
The SPRTs were then transported to, and measured at, NIST (W{ST and WNST), and finally
returned to their respective NMIs for a third and final measurement (W{° and W1°t). Here,
the superscript refers to measurements taken before, at, or after NIST, and the subscript identifies



either SPRT #1 or SPRT #2. NMI measurements, (WA and W), may have included multiple
realizations for each SPRT at each fixed point. NIST measurements (W\'5T) were generated from
a single realization for each SPRT at each fixed point.

Average W values are calculated using:

Wi _ % (WiAnte + VVZ-POSt) (21)

Some participants were concerned that measurements performed upon return from NIST should
not appear in this calculation, meaning:

W,; = Winte (2.2)

Results using Eq. 2.2 are included as in Appendix E, along with the alternative interpretation:
W, = WZ-POSt; these alternative definitions of W; produced results that were very similar to those
that used Eq. 2.1.

Each SPRT measurement set is used to calculate an independent temperature difference, AT;,
between the fixed-point realization performed at NIST and each participating NMI.

A7 NIST
Wi — WNIS

AL = |\ =W, T

+ C; (2.3)

W; is the I'TS-90 reference function and C; is a term accounting for changes in resistance ratio
associated with the travel, handling, and stability of each SPRT. Its value is assumed to be zero,
with an associated uncertainty that will be discussed below.

The values of AT; are combined (at a given fixed point) to give:

1
ATNvT = 5 (ATl + ATQ) (24)

In cases where only one SPRT measurement was reported at a particular fixed point (for instance
due to damage to, or instability of, the other SPRT) ATy is set equal to the AT; of that SPRT.

The KCRV is calculated from the AT, KIMI values of the participating NMIs, where ATIEMI is
calculated in the same way as ATnwmr, but excludes SPRT measurements that fail the cutoff criteria
described in section 3.5.

The difference of the fixed-point realization temperature (at each fixed point, for each NMI)
from the corresponding KCRV, AT, is calculated using:

ATxwrkcry = ATnur — AT (2.5)

based on a KCRV (AT) calculated independently for each fixed point:

1
AT=-%" AT, (2.6)
j=1

As mentioned above, ATILMI is calculated in the same way as ATnmr, but excludes SPRT measure-
ments that fail the cutoff criteria described in section 3.5. n represents the number of individual
NMI laboratories (j) that reported a value for ATIEMI at that fixed point; n varies by fixed point
(between 10 and 12 in this comparison).

AT is used to provide a common reference point from which to compare laboratory realizations
of each fixed point, but does not have a physical meaning. AT is not used in bilateral compar-
isons between NMIs (included as Appendix F) since any two labs may be connected through their
respective values of ATnwr, with lower uncertainty.



2.3 Calculating uncertainties

Uncertainty budgets provided by each NMI are used to evaluate the cutoff criteria for each SPRT
and to calculate the uncertainty of each lab’s final ATNmrikcrv value. NMIs classified each uncer-
tainty contribution in their budgets according to the evaluation method used (Type A, evaluated
statistically, or Type B, evaluated in any other fashion), and whether the contribution was strongly
correlated between measurements (systematic) or fluctuated randomly between measurements (ran-
dom). Some NMIs made multiple realizations of their SPRT measurements at each fixed point,
reducing contributions from random uncertainty components to calculations in this report. In the
discussion that follows, random and systematic uncertainty components are represented by ur and
ug, respectively. Combined uncertainties have no subscript.
Each measurement (ante- or post-NIST) has an associated uncertainty, u(W;)), such that:

W2(W;) = “%iglw (W) (2.7)

where n is the number of realizations measured by that particular SPRT at the indicated fixed
point. While W is a unitless quantity, uncertainties in W are expressed in kelvin (after scaling each
uncertainty by the value of w at the given fixed point), as is customary.

The uncertainty in W; for each SPRT, arising from the combined ante- and post-NIST measure-
ment sets, is calculated as follows. Random uncertainties are treated as completely uncorrelated
and combined according to the Guide to the Expression of Uncertainty in Measurement (GUM)[2]
section 5.1.2. Due to the large time separation between ante- and post-NIST measurements, we
expect the correlation of systematic uncertainties to be less than one. Nevertheless, systematic
uncertainties are treated as completely correlated and combined according to GUM section 5.2.2,

the most conservative approach. The uncertainty in W;, u(W;) satisfies:

(2.8)

nte o5 Hte N
UQ(W) _ 1 U%{(WIA t ) + U%{(Wlp t) US(I/VZA t ) N US(WiPost)
’ 4 nAnte nPost 9 5

where the first group of terms corresponds to u%(WZ), and the second group of terms corresponds to
u%(Wl) When an NMI’s uncertainty budget was the same for ante- and post-NIST measurements,
and the number of realizations was also the same ante- and post-NIST, this reduces to

AT [U%{(Wi)

] T fus (W) 2.9)

which is equivalent to doubling the number of realizations during a single set of measurements.

Every SPRT used in the comparison is assigned a transfer uncertainty associated with its
measurements at each fixed point. The transfer uncertainties (u(C;)) are calculated from the shift
in W measured at the NMI before and after transport to NIST.

1 ‘WiPost (FP) o WiAnte(FP)‘

u(Ci) = 93 (dW,(ITS-90)/dT)

(2.10)

In other words, transfer of the SPRT to and from NIST introduces an uncertainty about the mean
value (W;), which is bounded by the minimum and maximum measured value (W/Ante WFPost)  and
is assumed to have a rectangular distribution.
The total uncertainty in AT;, u(AT;), can be found using:
w?(ATy) = uig (W) + ud (W) + ug (W) +u*(Cy) (2.11)

7



Since the NIST systematic uncertainties influence all AT; measurements identically, only the ran-
dom NIST uncertainty contributions are included in this total uncertainty calculation. NIST sys-
tematic uncertainty contributions appear exclusively in ATNisT-KCRV, not in any other ATNMLKCRV
values.

Since measurements for this comparison were spread over a period of years, the assumption
that systematic contributions to the uncertainty of NIST measurements remained constants re-
quires justification. All systematic components in the uncertainty of NIST measurements originate
from the resistance bridge or from the fixed-point cells. The bridge remained unchanged over the
comparison, and for many years before and after the comparisons measurements; it showed no evi-
dence of significant drift over this period. The individual fixed-point cells also remained unchanged
over the period of these measurements; they also showed no signs of drift.

As will be discussed in Chapter 4, the variation in the at-NIST measurements was larger than
expected from the random components of the NIST uncertainty budget at some fixed points.
However, the origin of this variability is unknown, and there is no strong evidence that it is best
accounted for by hypothesizing a long-term variation in the NIST systematic components.

Combining the SPRT #1 and SPRT #2 measurements, assuming that the systematic uncer-
tainty contributions from each are completely correlated, the combined uncertainty in ATNnwmr,
u(ATNwMr), is found from:

us(ATY) + uS(ATg)] 2

u2 (ATNMI) = 5

[uf (ATY) + ug (ATy)] +

{ [u (W) + u (W2) + 2u (WNBST) 4+ u2(01) + u?(Co)] (2.12)

+ [us (WD) + us (W2)]” | /(dW,/dT)

Since ATI:GMI has the same form as AT, its uncertainty is also given by Eq. 2.12, unless one of the
SPRT’s failed to meet the cutoff criteria at a given fixed point. In that case, AT&MI = AT; of the

remaining measurement and the uncertainty u(AngMI) is set equal to the uncertainty of the SPRT
that did pass, as expressed in Eq. 2.11.

2.4 Calculating the uncertainty of the key comparison reference value

The uncertainty of AT, u(AT), is calculated by combining the uncertainties of all the AT&MI
measurements at that fixed point using:

Z (AT{ ) (2.13)

To calculate u(ATNMIKCRY ), the correlation between ATy and AT must be included. Following
GUM section 5.2.2, we find u(ATNmrkcry) from:

w*(ATnmrkery) = u? (AT + u?(AT)
O(ATnmI-kcrY) O(ATNMI-KCRY) -
2 — AT AT 2.14
+ AT IA T w(ATwNwr, AT) (2.14)

= uz(ATNMI) + uz(ﬁ) — 2U(ATNMI,E)




where u(ATNwr, ﬁ) is the covariance associated with ATNﬁ and AT. The covariance is calculated
following GUM section F.1.2.3, treating both ATnyr and AT as functions of the individual values
(ATnwr) calculated for each NMI. By GUM Equation F.2 we have:

AT ATNMI)
T

w2 (ATNML 2.15
NM1j OATNMIj (ATro,) (2.15)

'LL(ATNMI, AT Z oA

Since AT is a simple mean of the individual values of ATwwr, the first partial derivative is equal
to 1/n for all j. The second derivative is zero except with respect to the NMI’s own value, when it
is unity. Thus Eq. 2.15 reduces to:

—— 1
u(ATNMI, AT) = EUQ(ATNMI) (2.16)

which leads to 5
) UQ(ATNMI) + u%ﬁ) (2.17)

uw?(ATNMLKCRY) = <1 -

unless the value of ATI:GMI is not used in the calculation of AT because of the cutoff criteria described
in Section 3.5. In that case there is no correlation, and we have:

UQ(ATNMI_KCR\/) = UQ(ATNMI) + UQ(E) (2.18)

2.5 Alternative AT calculations

Two alternative approaches to calculating AT were investigated. In one AT was calculated as
a weighted mean, with each NMI’s contribution scaled according to the lab’s stated uncertainty.
In the other AT was calculated from a modified simple mean, in which an individual SPRT’s
contribution to a lab’s AT, 1111\/11 was weighted based on the number of cutoff criteria tests passed.
Details of these calculations, results, and implications are included in Appendix E.

10



Chapter 3

Devices used and measurement results

3.1 Devices used

Each NMI selected two of their own SPRTs for use in the comparison and coordinated SPRT
transport to the pilot laboratory. In a small number of cases, an NMI-selected SPRT was damaged
in transit to NIST, or was found to be incompatible with NIST fixed-point cells (e.g. sheath
diameter too large). In these cases, the NMI could choose to supply a replacement SPRT, if
available. The SPRT's used in the comparison are listed in Table 3.1.

3.2 Stabilization of SPRTs

Upon receipt, and before calibration, participant SPRTs underwent stabilization at NIST using the
same procedure used for our calibration service[4]. The resistance of each SPRT at the triple point of
water (TPW) was measured, followed by an eight hour anneal at 450 °C. The SPRT was removed
swiftly to room temperature and remeasured at the triple point of water once cooled to room
temperature. If the shift in TPW resistance during the anneal cycle was less than the equivalent
of 0.2 mK the SPRT was considered stable and ready for calibration. If the shift exceeded 0.2
mK, the annealing process was repeated. Any SPRT that failed to pass the stabilization criterion
after five anneal cycles was considered unstable. NIST alerted the associated NMI to give them an
opportunity to replace it with another SPRT.

3.3 Data collection at NIST

Comparison measurements at NIST were performed from December 2011 through January 2015.
A total of ten calibration batches were measured as part of the comparison. Each batch contained
up to four SPRTs from different participating laboratories. In addition, a single NIST “proxy”
SPRT was included in every batch but one; this SPRT was used to collect the NIST data for this
comparison. Calibration batches were measured consecutively, from the Zn FP to the Ar TP (batch
K9-BIPM was an exception, only including measurements at Ga MP and TPW). The same NIST
fixed-point cells and maintenance systems were used throughout the comparison measurements,
with the exception of TPW cells. Four TPW cells were used interchangeably at NIST throughout
the comparison. A TPW cell interchangeability parameter is included in NIST’s uncertainty budget.
Details of NIST’s realization of the ITS-90 in this range can be found in NIST SP250-81[4].
When practical, the two SPRTs belonging to a given NMI were split into different batches
(batch K9-BIPM was an exception, only including SPRTs from BIPM). Batch K9-B9 consisted of

11



SPRT # Manufacturer Model # Serial #
BIPM 1 Hart 5683 4240
BIPM 2 L&N 8167 1857442
INMETRO 1 Hart 5681 1251
INMETRO 2 Rosemount 162CE 3713
INRIM 1 Hart 5681 1282
INRIM 2 Hart 5681 1283
INTI 1 Tinsley 5187SA 235996
INTI 2 Hart 5681 71089
KRISS 1 L&N 8163Q 1849612
KRISS 2 L&N 8167 1860931
LNE-CNAM 1 L&N 8167 1825320
LNE-CNAM 2 YSI 8167 B91280
NIM 1 Yunnan Yunnan 4101
NIM 2 Yunnan Yunnan 5128
NIST 1 Hart 5681 1030
NIST 2 Hart 5681 1030
NIST 3 Hart 5681 1030
NMIA 1 Hart 5681 1671
NMIA 2 Chino R800-2 RS104-09
NMIJ/AIST 1 Chino R800-2 RS994-13
NMILJ/AIST 2 Hart 5683 4315
NPL 1 Hart 5683 4275
NPL 2 Hart 5683 4276
NRC 1 Chino R800-2 RS58A-1
NRC 2 Chino R800-2 RS895-2
PTB 1 YSI 8167 4807
PTB 2 Hart 5698 95185
VNIIM 1 ETC-25 ETC-25 98-02
VNIIM 2 PTC-25 PTC-25 53
VSL 1 L&N 8167 1761951
VSL 2 L&N 8167 1867658

Table 3.1: SPRTs used in this intercomparison.[3]
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Batch K9-A1 Dec. 2011 — Jan. 2012

NPL 4275
INMETRO 1251
NMILJ/AIST 1359 damaged in transit
NIST proxy 1030

Batch K9-A2 Jun 2012 — Jul 2012
PTB 4807
VSL 1761951
NMIJ/AIST RS994-13
NPL 4276 NIST database error affected Sn point
NIST proxy 1030

Batch K9-A3 Jul 2013 — Aug 2013
PTB 95185
VSL 1867658
KRISS 1849612
INMETRO 3713
NIST proxy 1030

Batch K9-A4 Jan 2013 — Apr 2013
KRISS 1860931 damaged in transit
LNE-CNAM 1825320
INRIM 1282
NIM 4101
NIST proxy 1030

Batch K9-BIPM Mar 2013

BIPM 4240
BIPM 1857442
NIST proxy 1030

Table 3.2: Measurement matrix of SPRTs used in this intercomparison.
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Batch K9-A5 May 2013
LNE-CNAM B91280

INRIM 1283
NIM 5128
VNIIM 53
NIST proxy 1030

Batch K9-B6 Jun 2013 — Jul 2013
INTI 235996
INTI 4118 failed stabilization
VNIIM 52 platinum wire damaged in transit
NMIA 1671
NIST proxy 1030

Batch K9-B7 Sep 2013
INTI 71089
NMIA RS104-09
NIST proxy 1030

Batch K9-B8 Dec 2013 — Jan 2014
NRC RS58A-1
NIST proxy 1030

Batch K9-B9 Mar 2014 — May 2014
other NMI data not used in K9
other NMI data not used in K9
NIST proxy 1030

Batch K9-replacement Dec 2014 — Jan 2015

NMIJ/AIST 4315
NRC RS895-2
VNIIM 98-02

Table 3.3: Measurement matrix of SPRTs used in this intercomparison, continued.

14



SPRTs belonging to an NMI that did not participate in K9 — these measurements are intended to
form a bilateral comparison linked to K9 at some point in the future. This batch is included in
the table because it provides the ninth set of NIST proxy SPRT data. The proxy SPRT was not
included in the batch K9-replacement, as this batch was added after the core data collection was
complete, and contained a mix of intercomparison SPRTs and SPRT's belonging to measurement
service customers.

The NIST proxy SPRT (recalibrated with each batch) provides a mechanism to include NIST
data in the comparison in the same format as the other NMI’s and also provides a measure of the
repeatability of multiple calibrations in NIST fixed-point cells used throughout the comparison,
without any transfer of the SPRT outside the lab space. Later in this report you will see references
to to NIST SPRT #1 through #3; these are all the same (“proxy”) SPRT, with measurements in
batches 1 through 3 treated as the “ante-NIST,” “at-NIST” and “post-NIST” measurements for
NIST “SPRT #1,” batches 4 through 6 as “SPRT #2” and batches 7 through 9 as “SPRT #3.”

The realization of the ITS-90 at NIST includes a triple-point realization of Ga rather than a
melting point. A uniform 2.0 mK correction is applied to offset the difference between the tem-
perature of these two transitions. As real SPRTs deviate slightly from the ITS-reference function,
there will be some additional uncertainty from the assumption that the temperature dependence
of each SPRT is identical, but this difference is insignificantly small over the 2.0 mK correction
applied here.

3.4 SPRT data collection

NMIs reported their ante- and post-NIST W values in a tabular worksheet, as required by the
comparison protocol. In some cases, NMI-reported measurement uncertainties in Appendix A
differed from the NMI-supplied uncertainty budget in Appendix C. In these cases, the uncertainties
in Appendix C were used in the comparison analysis. Any SPRT identified as unstable by its NMI
owner was excluded from the analysis.

NMI data sets are compiled along with the corresponding NIST measurements for each SPRT
in Appendix B. Each table includes values of W, the associated uncertainties u., and the number of
realizations, as supplied by NMIs. The tables also show the magnitude of the random uncertainty
component, u,, identified with each W value, and its effective degrees of freedom. These parameters
are integral to the cutoff criteria calculation used to select the measurements contributing to AT.

The NIST proxy SPRT measurements are treated similarly to the other NMI SPRT data sets.
The nine measurement cycles are divided into three sets of three measurements each. Within
each set, the three measurements are identified as “ante-NIST,” “at NIST,” and “post-NIST,”
respectively. In this way, the nine measurements of the NIST proxy SPRT at each fixed point
play the role of three independent SPRT data sets with the same form as the other NMI data.
Importantly, since AT is already formulated relative to the NIST realization of each fixed point,
NIST proxy SPRT data processed in this manner are excluded from the calculation of AT.

3.5 Evaluation of transfer uncertainty cutoff criteria

As described in section 2.3, the shift in W from ante-NIST to post-NIST is used to calculate a
transfer uncertainty for each SPRT. This shift is also used to evaluate “cutoff criteria” determining
which SPRTs contribute to AT. The cutoff criteria compare the change in W; to u(W;), and are
used to minimize the effects of SPRT instability on AT. The two criteria test the following issues
(which are related but not identical):
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1. Did the shift occurring during travel to and from NIST exceed the variation expected from
the measurement process itself?

2. Was the magnitude of any observed shift significant when compared to the overall uncertainty
budget?

Since these two tests only examine ante- and post-NIST data, measurements performed at NIST
do not factor into the cutoff criteria, although the uncertainty of the at-NIST measurements does
through ATNMIj. An affirmative answer in either case counts as “failing” that test. Failing both
tests excludes an SPRT from AT. If only one test is failed, then the measurement is retained in
AT. The cutoff criteria tests are performed at each of the six fixed points for each SPRT, such
that twelve independent pairs of tests are used to evaluate the data from each NMI. As a result,
each SPRT included in the comparison may contribute to the AT at all fixed points, at some fixed
points or at no fixed points. Results of these tests are summarized in Tables 3.4 and 3.5.

3.5.1 Criterion 1

The first criterion compares the observed change in W; from ante- to post-NIST to the natural
variation between measurements (i.e. the random component of the uncertainty). A shift outside
the 95% confidence interval, where the effective degrees of freedom, v.g, are calculated using the
Welch-Satterthwaite equation, indicates a failure of cutoff criterion 1:

WiPOSt _ WiAnte
(dW:/dT) \/ u2 (WPost) 4 2 (WAnte)

> t0.975,ves (3.1)

3.5.2 Criterion 2

The second criterion compares the magnitude of the transfer uncertainty (u(C;)) to the the com-
bined uncertainty. A measurement with a transfer uncertainty greater than about one third of the
total uncertainty represents a failure of cutoff criterion 2:

U2 7 —u2 7
u(C;) > \/ (AT; (G) (3.2)
or, equivalently: ,
w(cp > AT (33)

3.5.3 Role of “failed” measurements

SPRT measurements that fail both cutoff criteria are excluded from ATIEMI and thus from AT. In
cases where both SPRTs fail, an NMI’s contribution is excluded from AT at that fixed point.

All measurements are included in the value of ATy used to calculate inter-comparison results,
regardless of cutoff criteria outcomes. The only measurements excluded from ATnyg are those
identified as unstable. Measurements of unstable SPRTs have been excluded from the raw data
tables (App. B).

Since almost half of the measurements failed cutoff criterion 1, there appears to be an additional,
unexpected source of error in the transfer standards used in this study.
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Zn Sn In Ga H Ar
NMI I 1T I 11 I 1T I 1T I gII I 1T
BIPM SPRT1| - - - - - - v v - - - =
SPRT2 | - - - - Y - -
SPRT1 | v/ v N A A A A S SN
INLIENRD ooy | 7 v N A A A R SV A
SPRT1 - - - - - - - - - - - -

INRIM SPRT2 | v v V4 O
SPRTL1| - - - - - - - - v
INTI SPRT?2 A4 v O/
kmss  SPRILIY S
SPRT1 | v/ V - v/
LNE-CNAM S cbbmo [ v v
SPRT1 v v/ v v
NIM SPRT2 v v v/ O I S/
SPRT1 | - - - - - - - - - -
NIST SPRIUIZNEEEEEEEEEEE s
SPRT3 - - - - - - - - - - - —
SPRT1 v v v v v
NMIA SPRT2 v v o/ v/ v
SPRTL |V V V V4 O/ S/
NMU/AIST  qppro | v v v oL
SPRTL | v v A A A A A S SV
NPL SPRT2 | vV V4 L
SPRT1 O v/ v
IR SPRT2 v
SPRTL | - -  V V V V V V v
PTB SPRT2 oI v
SPRT1 v v v v/
Ve SPRT?2 v v VA4 v
# passes: 10 16 9 12 9 18 18 19 14 16 18 21
# fails: 10 4 12 8 12 3 10 4 8 4 9 1

Table 3.4: Results of cutoff criteria tests. As described in the text, two separate tests (1 and 2)
are used to assess whether any significant change in a SPRT’s W value occured. A checkmark (\/ )
indicates “pass,” an X (/) represents “fail” and ‘-’ indicates a missing measurement, or one that
was excluded from AT for reasons other than failing the tests.
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NMI Zn Sn In Ga Hg Ar
SPRT1| - - - V - -
BIPM SPRT2 | - - - v - -
SPRTL | v V  V V
INMETRO  appro | v v vV v v
SPRT1 — — — — —
INRIM SPRT2 | v/ V v
SPRT1| - - - - v
INTI SPRT2 | v v v v
SprRT1 | vV VvV V V V
KRISS sPRT2 | - T
LNE-CNAM SPRT1 | v/ 4
SPRT2 | v/ v v
SPRT1 | v/ vV -
NIM SPRT2 | v/ o/
SPRT1 | - - - - - -
NIST SPRT2 | — — — — — —
SPRT3 | - - - - - -
SPRT1 | v/ v 7 v/
NMIA spR2 |V V'
SPRT1 | v V  V V
NMU/AIST qppro | v v V' V'
SPRT1 | v/ v v v/
NPL seR2 | v -
SPRT1 VAR AR A
RIS SPRT2 |V V V / //
- SPRT1| - ¢ VvV V V V
spRT2 | vV V V /V
SPRT1 v v/
VLE spR2 |V V' VS

Table 3.5: SPRT inclusion in AT": if an SPRT passes at least one cutoff criterion test at a given
fixed point, it is included in AT as indicated by a checkmark (v). An SPRT that fails both tests
is indicated by an X (/). A dash ‘~ indicates a missing measurement, or one that was excluded
from AT for reasons other than failing the tests.
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3.6 Additional transfer standard uncertainty

One of the following scenarios may explain the large number of cutoff criterion 1 failures:

1. Magnitude of random contributions to SPRT measurement error at each fixed point are
severely underestimated (i.e. random uncertainty).

2. Realization and measurement system changes incurred during the prolonged measurement
period are underestimated.

3. Uncertainty contributions introduced by SPRT transport are much larger than anticipated.

4. Repeated SPRT calibration cycling contributes an additional source of uncorrelated error,
independent of transportation.

The first and second possibilities seem unlikely (but not impossible) given the depth of expe-
rience of participants in this comparison. To distinguish between the third and fourth, one needs
two data sets: a set of repeat measurements on SPRT's that have traveled to and from NIST and a
set of repeat measurements on an SPRT that remained at a single NMI for the entire comparison.
In fact we have these data, and they favor the last option — when taking SPRTs through an entire
calibration cycle we observe non-repeatability greater than the uncertainty in the realization of
each fixed point. The next chapter will display this variability in a number of different ways.

Regardless of its origin, this larger-than-expected variation places limits on the effectiveness of
SPRTs as transfer standards during laboratory inter-comparisons.

3.7 Exclusion of Batch 4 and Batch 9 Hg measurements

Participants identified a potentially anomalous realization of the Hg TP at NIST during Batch
4 measurements. NIM requested the removal of these measurements from the comparison and
no objections were raised. As such, calculations of the KCRV at the Hg TP exclude data for
Batch 4 SPRTs. The raw data for the Batch 4 NIST SPRT are included in the raw data tables in
Appendix B, even though they are not used in any calculations.

During review it was suggested to remove the batch 9 NIST Hg measurement. This measurement
was anomalously high, and no other participant SPRT's were included in this batch. Its elimination
had no effect on any participant results except NIST, and dramatically reduced the scatter of the
Hg measurements leading to tighter uncertainties for the comparison at that point.
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Chapter 4

Additional error during repeated calibration
cycles

The protocol assumes that the transfer uncertainty, u(C;), accounts for all W; ante- and post-
NIST variation in excess of the uncorrelated uncertainty at each fixed point, lumping together
measurement shifts due to handling, transport, and instability. With evidence that there is a sizable
natural variation in W; values during recalibration of the same SPRT even without transportation,
it may not be appropriate to treat C; as a rectangular distribution bound by the difference. This
chapter demonstrates that there appears to be an extra, random component to the error of an
SPRT subject to repeated calibration.

To quantify the variability upon repeat calibrations, we examine the differences in all SPRT
readings (AW = WPost — Jy7Ante) - Qhifts in the NIST proxy SPRT between successive cycles (e.g.
AW = WOde3 _1yCyele2 etc) are examined in a similar fashion.

4.1 Distribution of shifts in SPRT measurements

The following figures (4.1 through 4.6) show the distribution of these shifts, AW, at each fixed
point. NIST data are not included. Overlaid is a probability distribution function assuming a
normal distribution with the same standard deviation as the measurements, excluding outliers
(which are defined, for the purpose of this calculation, as any measurements showing a change of
over 1 mK). These distributions of shifts should reflect, in some way, the distribution in random
uncertainties for the realization of each fixed point at various NMIs as well as some random error
from handling, etc. The near-constant value of the standard deviation of these shifts across fixed
points, despite some points (e.g. gallium) having much smaller uncertainty at most labs, is strong
evidence of an additional source of error. There was also no correlation between the shift magnitudes
and the SPRT models.

The same data are summarized in tabular form in Table 4.1. NIST proxy SPRT data are
included in the table as a separate column. Unlike the other-NMI data, the standard deviation for
the NIST data is calculated using all data rather than applying a filter that removes shifts greater
than 1 mK.
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Standard deviation = 0.29 mK

# of measurements
w
1

0 T T
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

Shift in W, mK

Figure 4.1: Results for the shift in measured W after repeated calibration cycles for non-NIST SPRT's used
in this study, at the zinc point. These values are calculated by subtracting the value measured before sending
the SPRT from the value measured upon return of the SPRT from NIST. Shifts of 1 mK and greater are
excluded from the overlaid fit.

Standard deviation = 0.44 mK

# of measurements

-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0

-2.0
Shift in W, mK

Figure 4.2: Results for the shift in measured W after repeated calibration cycles for non-NIST SPRT's used
in this study, at the tin point. These values are calculated by subtracting the value measured before sending
the SPRT from the value measured upon return of the SPRT from NIST. Shifts of 1 mK and greater are
excluded from the overlaid fit.
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Standard deviation = 0.26 mK

# of measurements
NN
1

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Shift in W, mK

Figure 4.3: Results for the shift in measured W after repeated calibration cycles for non-NIST SPRTs used
in this study, at the indium point. These values are calculated by subtracting the value measured before
sending the SPRT from the value measured upon return of the SPRT from NIST. Shifts of 1 mK and greater
are excluded from the overlaid fit.

Standard deviation = 0.25 mK

10+

# of measurements

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Shift in W, mK

Figure 4.4: Results for the shift in measured W after repeated calibration cycles for non-NIST SPRT's used
in this study, at the gallium point. These values are calculated by subtracting the value measured before
sending the SPRT from the value measured upon return of the SPRT from NIST. Shifts of 1 mK and greater
are excluded from the overlaid fit.
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Standard deviation = 0.27 mK

# of measurements

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Shift in W, mK

Figure 4.5: Results for the shift in measured W after repeated calibration cycles for non-NIST SPRTs used
in this study, at the mercury point. These values are calculated by subtracting the value measured before
sending the SPRT from the value measured upon return of the SPRT from NIST. Shifts of 1 mK and greater
are excluded from the overlaid fit.

Standard deviation = 0.29 mK

# of measurements

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0
Shift in W, mK

Figure 4.6: Results for the shift in measured W after repeated calibration cycles for non-NIST SPRT's used
in this study, at the argon point. These values are calculated by subtracting the value measured before
sending the SPRT from the value measured upon return of the SPRT from NIST. Shifts of 1 mK and greater
are excluded from the overlaid fit.
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Other Pilot

NMIs NMI
n St. Dev. n St. Dev.
Zn 17 0.29 8 0.21
Sn 21 0.44 8 0.13
In 20 0.26 8 0.12
Ga 23 0.25 8 0.19
Hg 22 0.27 6 0.16
Ar 22 0.29 8 0.52

Table 4.1: Distribution of measured shifts in SPRTs upon transfer to and from NIST and distribu-
tion of measured cycle-to-cycle shifts in the NIST proxy SPRT.

4.2  Comparison of shifts during transfer to uncertainty budgets — visualizing
cutoff criterion 1

Here we compare the apparent temperature shift between measurements
AWsransfer = WPOSt - WAnte

to the uncertainty of that shift, U(AWianster). If the shifts are truly random one expects to find
the points distributed about zero, with most points bound by the condition

‘ AI/I/vtmnsfer ’ < UR(AWtransfer>

— denoted in the following figures (e.g. Fig. 4.7) by dashed lines. These dashed lines are a graphical
representation of cutoff criterion 1 (Eq. 3.1), albeit assuming infinite degrees of freedom rather than
using the finite degrees of freedom (o) assigned by the individual laboratories.

Many points lie outside of the lines, and are thus incompatible with the uncertainty budget
supplied, implying a significant error due to handling or some other (unaccounted for) contribution.

Some points in these figures are difficult to distinguish since they are clustered at low AW;
to highlight the magnitude of these shifts relative to the uncertainty budget the figures are also
re-plotted after being scaled by the stated uncertainty at each NMI:

A Wtransfer

T/ AT\ U AW ransfer
U(AWtransfer) v ( ‘ f )

Such a plot (e.g. Fig. 4.8) should have most points distributed within the interval (-1, 1). That is
clearly not the case, indicating an additional error is present.

A third set of figures is included in Appendix D, where the same data have been grouped by
NMI rather than by fixed point.

The origin of this additional error is unclear. It may be an effect of transporting SPRTs to
and from NIST. Perhaps it is more fundamental, and related to a limit on repeatability when
calibrating an SPRT over a large temperature range. Whatever its source, this additional error
places a limit on the power of laboratory comparisons based on traveling SPRTs. While the data
from this comparison cannot shine light on the source of this unexpected variation, future work
may tease out its origin.
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Figure 4.7: Shift in measured W upon recalibration for each SPRT used in this study, at the Zn point.
Dashed lines represent the uncertainty of the shift (i.e. the random components of the budgeted uncertainty).
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Figure 4.8: Shift in measured W upon recalibration for each SPRT used in this study, at the Zn point,
scaled by the random uncertainty of that shift.
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Figure 4.9: Shift in measured W upon recalibration for each SPRT used in this study, at the Sn point.
Dashed lines represent the uncertainty of the shift (i.e. the random components of the budgeted uncertainty).
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Figure 4.10: Shift in measured W upon recalibration for each SPRT used in this study, at the Sn point,
scaled by the random uncertainty of that shift.
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Figure 4.11: Shift in measured W upon recalibration for each SPRT used in this study, at the In point.
Dashed lines represent the uncertainty of the shift (i.e. the random components of the budgeted uncertainty).
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Figure 4.12: Shift in measured W upon recalibration for each SPRT used in this study, at the In point,
scaled by the random uncertainty of that shift.
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Figure 4.13: Shift in measured W upon recalibration for each SPRT used in this study, at the Ga point.
Dashed lines represent the uncertainty of the shift (i.e. the random components of the budgeted uncertainty).
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Figure 4.14: Shift in measured W upon recalibration for each SPRT used in this study, at the Ga point,
scaled by the random uncertainty of that shift.
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Figure 4.15: Shift in measured W upon recalibration for each SPRT used in this study, at the Hg point.
Dashed lines represent the uncertainty of the shift (i.e. the random components of the budgeted uncertainty).
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Figure 4.16: Shift in measured W upon recalibration for each SPRT used in this study, at the Hg point,
scaled by the random uncertainty of that shift.
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Figure 4.17: Shift in measured W upon recalibration for each SPRT used in this study, at the Ar point.
Dashed lines represent the uncertainty of the shift (i.e. the random components of the budgeted uncertainty).
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Figure 4.18: Shift in measured W upon recalibration for each SPRT used in this study, at the Ar point,
scaled by the random uncertainty of that shift.
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o (mK) wur (mK)

Zn 0.24 0.18
Sn 0.08 0.12
In 0.10 0.05
Ga 0.17 0.02
Hg 0.09 0.07
Ar 0.43 0.03

Table 4.2: The scatter in measurements of the NIST proxy SPRT at each fixed point, expressed as
the standard deviation of all nine measurements at each fixed-point and compared to the uncorre-
lated (random) contributions to uncertainty.

4.3 Scatter in NIST proxy measurements contrasted with uncertainty budget

The distribution of measured “temperature shifts” at NIST shown in Table 4.1 is incompatible
with the NIST uncertainty budget at some fixed points. To explicitly address this inconsistency,
Table 4.2 compares the magnitude of the random component of NIST’s budget to the observed
scatter in the nine realizations measured by the proxy SPRT at each fixed point.

The scatter in measurements exceeds the variation expected from the uncertainty budget at all
but one fixed point, although the source of this additional variation is unclear and clearly depends
on fixed point. From a practical standpoint, this implies that NMI results are dependent on identity
of the batch, or batches, that included their SPRTs when measured at NIST.

The easiest way to remove this dependency is to increase the magnitude of uncertainty of the
NIST measurements used to calculate ATny. We use a simple statistical approach since there is
no clear physical source for this variation: the standard deviation of the measurements (shown in
Table 4.2) is compared to ug(NIST). The larger of these two values is used as ugr(NIST) when
calculating ATnwr. Note that this does not represent a change in the NIST uncertainty budget —
the NIST SPRT data for this comparison are processed identically to other NMIs, using the NIST
uncertainty budget supplied in Appendix C.

The results presented in the body of this report incorporate this unexpected additional variation.
For completeness, we include in Appendix E the results calculated as originally proposed, without
accounting for this variation.
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Chapter 5

Key comparison reference value

5.1 Calculation of key comparison reference value

Table 5.1 reports the key comparison reference value (KCRV) AT at each fixed point using the
average NMI measured W (i.e. the average of ante- and post- NIST measurements). As outlined
in the previous section, it incorporates an increased uncertainty for the measurements taken, at
NIST, at fixed points where we observed greater than expected variation. This AT is not meant
to have any intrinsic meaning — it is a computational tool allowing comparisons across labs linked
through measurements at the pilot lab.

The numerical magnitude of AT at each fixed point is related to the average offset of the NIST
realization of that fixed point from those of the other participating labs. However, using this as the
metric for evaluating NIST relative to the other NMIs is problematic since the uncertainty of such
a comparison is ambiguous. Instead, in the tables and graphs that follow, the NIST data plotted
are those of the proxy SPRT as described in the earlier chapters.

While AT was computed using a simple mean as originally proposed, some variations on this
approach are included in Appendix E, including weighting an SPRT’s contribution based on its per-
formance at other fixed points or weighting a laboratory’s results based on their stated uncertainty.
The appendix also includes calculations using specific subsets of measurements, and calculations
that neglect the additional variation noted in the “at NIST” measurements.

AT U(AT) #NMis

(mK)  (mK)

Zn -0.20 0.22 12
Sn 0.06 0.16 10
In -0.08 0.09 11
Ga 0.23 0.07 12
He 028  0.08 10
Ar 0.80 0.17 11

Table 5.1: Values, with uncertainty, for the KCRV (AT) at each fixed-point, as well as a tally of
the number of NMIs with measurements contributing to the calculation.
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5.2 NMI results with respect to AT, organized by fixed point

Tables 5.2 through 5.7 and Figures 5.1 through 5.6 summarize deviations of NMI results from AT
at each fixed point. Error bars in all of these plots show the uncertainty in the value ATNMI-KCRY
at the k = 2 level. Values for ATxmrkcry were computed using all measurements at an NMI,
regardless of whether they passed the cutoff criteria.

These tables also include a column showing the uncertainty of a single value of W using the
budgets supplied by each lab. By default the value is for SPRT #1 (i.e. Wy), but data from SPRT
#2 are used if no data are available from SPRT #1. This uncertainty is based entirely on the NMI
uncertainty budget; it includes no components from NIST, nor does it include transfer uncertainty.
It is included to illustrate the accuracy claimed by each lab, since that may or may not come across
effectively in U(ATnmrkcryv). The magnitude of U(W;) may be less than, equal to, or greater
than U(ATNwmrkcry) depending on the contribution of NIST uncertainties, the magnitude of the
transfer uncertainties for the NMI’s SPRTs, and the number of NMI SPRTs that contributed to
the calculation of ATNMI-KCRV-
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5.2.1 Zinc

All labs which had facilities for realizing the zinc freezing point had at least one measurement that
contributed to the calculation of AT for zinc. The results of this comparison at the zinc point are
summarized in Table 5.2 and Fig. 5.1.

ATnmi-kcry - U(ATkmvi-kcry)  U(Wh)

(mK) (mK) (mK)
BIPM - — -
INMETRO -0.69 1.37 1.51
INRIM -0.61 0.91 0.79
INTI -1.56 3.37 3.88
KRISS 0.61 0.99 0.92
LNE-CNAM 1.01 0.96 0.97
NIM 0.13 0.74 0.61
NIST 0.02 0.61 0.44
NMIA -1.07 0.64 0.41
NMIJ/AIST 0.19 0.78 0.68
NPL -1.78 0.64 0.43
NRC 0.30 0.75 0.58
PTB 1.69 1.23 1.27
VSL 2.53 1.04 0.74

Table 5.2: Deviation of ATnyr from AT measured by each NMI at the zinc point. Uncertainties are
displayed at the k = 2 level.
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Figure 5.1: Deviationof ATy from AT at the zinc point measured by each NMI. Error bars represent
uncertainty calculated using the uncertainty budget supplied by the NMI for this key comparison, at the
k =2 level.
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522 Tin

Ten of the twelve labs which had facilities for realizing the tin freezing point had at least one
measurement that contributed to the calculation of AT for tin. The results of this comparison at
the tin point are summarized in Table 5.3 and Fig. 5.2.

ATnmi-kcry - U(ATkmvi-kcry)  U(Wh)

(mK) (mK) (mK)
BIPM - — -
INMETRO -0.91 0.84 0.90
INRIM 0.09 0.59 0.50
INTI -1.10 1.88 2.10
KRISS 0.22 0.75 0.81
LNE-CNAM 0.29 0.64 0.48
NIM 0.33 0.54 0.51
NIST -0.11 0.37 0.23
NMIA -0.21 0.46 0.31
NMIJ/AIST -0.03 0.53 0.51
NPL 0.09 0.50 0.25
NRC 0.65 0.47 0.34
PTB 0.28 0.79 0.88
VSL 0.54 0.56 0.47

Table 5.3: Deviation of ATxmr from AT measured by each NMI at the tin point. Uncertainties are displayed
at the k = 2 level.
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Figure 5.2: Deviationof ATnyy from AT at the tin point measured by each NMI. Error bars represent
uncertainty calculated using the uncertainty budget supplied by the NMI for this key comparison, at the
k =2 level.
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5.2.3 Indium

Eleven of the twelve labs which had facilities for realizing the indium freezing point had at least one
measurement that contributed to the calculation of AT for indium. The results of this comparison
at the indium point are summarized in Table 5.3 and Fig. 5.3.

ATnmi-kcry - U(ATkmvi-kcry)  U(Wh)

(mK) (mK) (mK)
BIPM - — -
INMETRO -0.65 0.61 0.82
INRIM -0.02 0.58 0.59
INTI 0.45 2.35 2.15
KRISS 0.27 0.97 1.13
LNE-CNAM 0.64 0.49 0.51
NIM 0.13 0.43 0.45
NIST 0.13 0.25 0.17
NMIA -0.04 0.39 0.39
NMIJ/AIST 0.16 0.36 0.34
NPL -0.29 0.29 0.24
NRC 0.12 0.29 0.22
PTB 0.06 0.75 0.87
VSL -0.02 0.40 0.31

Table 5.4: Deviation of ATxwr from AT measured by each NMI at the indium point. Uncertainties are
displayed at the k = 2 level.
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Figure 5.3: Deviationof ATy from AT at the indium point measured by each NMI. Error bars represent

uncertainty calculated using the uncertainty budget supplied by the NMI for this key comparison, at the
k =2 level.
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5.2.4 Gallium

Twelve of the thirteen labs which had facilities for realizing the gallium melting point had at
least one measurement that contributed to the calculation of AT for gallium. The results of this
comparison at the gallium point are summarized in Table 5.3 and Fig. 5.2.

ATnmi-kcry - U(ATkmvi-kcry)  U(Wh)

(mK) (mK) (mK)
BIPM 0.11 0.32 0.25
INMETRO 0.29 0.34 0.36
INRIM 0.04 0.35 0.15
INTI 0.15 0.87 0.72
KRISS -0.08 0.41 0.31
LNE-CNAM -0.36 0.38 0.40
NIM 0.26 0.38 0.34
NIST -0.22 0.23 0.07
NMIA -0.33 0.35 0.34
NMIJ/AIST -0.24 0.30 0.23
NPL -0.06 0.26 0.12
NRC 0.12 0.27 0.14
PTB -0.05 0.30 0.22
VSL -0.14 0.36 0.27

Table 5.5: Deviation of ATnwyr from AT measured by each NMI at the gallium point. Uncertainties are
displayed at the k = 2 level.
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Figure 5.4: Deviationof ATy from AT at the gallium point measured by each NMI. Error bars represent
uncertainty calculated using the uncertainty budget supplied by the NMI for this key comparison, at the
k =2 level.
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5.2.5 Mercury

Ten of the twelve labs which had facilities for realizing the mercury triple point had at least one
measurement that contributed to the calculation of AT for mercury. The results of this comparison
at the mercury point are summarized in Table 5.6 and Fig. 5.5.

ATnmi-kcry - U(ATkmvi-kcry)  U(Wh)

(mK) (mK) (mK)
BIPM - — -
INMETRO -0.11 0.41 0.54
INRIM 0.18 0.30 0.12
INTI -0.08 0.66 0.71
KRISS -0.19 0.40 0.42
LNE-CNAM 0.76 0.64 0.52
NIM 0.24 0.31 0.29
NIST -0.32 0.25 0.12
NMIA -0.04 0.29 0.27
NMIJ/AIST 0.18 0.59 0.70
NPL 0.06 0.24 0.18
NRC 0.01 0.24 0.18
PTB 0.12 0.29 0.28
VSL -0.07 0.25 0.22

Table 5.6: Deviation of ATnwyr from AT measured by each NMI at the mercury point. Uncertainties are
displayed at the k = 2 level.
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Figure 5.5: Deviationof ATy from AT at the mercury point measured by each NMI. Error bars represent

uncertainty calculated using the uncertainty budget supplied by the NMI for this key comparison, at the
k =2 level.
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5.2.6 Argon

Eleven of the twelve labs which had facilities for realizing the argon triple point had at least one
measurement that contributed to the calculation of AT for argon. The results of this comparison
at the argon point are summarized in Table 5.7 and Fig. 5.6.

ATnmi-kcry - U(ATkmvi-kcry)  U(Wh)

(mK) (mK) (mK)
BIPM - — -
INMETRO 0.21 0.79 0.75
INRIM 0.22 1.08 0.36
INTI 0.95 1.74 1.95
KRISS 0.28 1.03 0.81
LNE-CNAM -0.17 0.80 0.61
NIM -0.67 0.66 0.33
NIST -1.41 0.54 0.13
NMIA -0.36 0.99 0.95
NMIJ/AIST 0.20 1.30 1.41
NPL 0.35 0.66 0.32
NRC -0.06 0.65 0.30
PTB 0.10 0.73 0.49
VSL -0.82 0.63 0.33

Table 5.7: Deviation of ATnwmi from AT measured by each NMI at the argon point. Uncertainties are
displayed at the k = 2 level.
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Figure 5.6: Deviationof AT\ from AT at the argon point measured by each NMI. Error bars represent
uncertainty calculated using the uncertainty budget supplied by the NMI for this key comparison, at the
k =2 level.
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5.3 NMI results with respect to AT, organized by lab
5.3.1 BIPM

ATwmi—kcrvy - U(ATnvi—kcrv)  U(Wh)
(mK) (mK) (mK)

Table 5.8: Deviation from AT at each fixed-point measured at BIPM. Uncertainties are displayed at the
k =2 level.
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Figure 5.7: Deviation of ATy from AT at each fixed-point measured at BIPM.
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5.3.2 INMETRO

ATnvi-kcry U(ATnvii—kcry)  U(Wh)

Zn -0.69 1.37 1.51
Sn -0.91 0.84 0.90
In -0.65 0.61 0.82
Ga 0.29 0.34 0.36
Hg -0.11 0.41 0.54
Ar 0.21 0.79 0.75

Table 5.9: Deviation from AT at each fixed-point measured at INMETRO. Uncertainties are displayed at
the k = 2 level.
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Figure 5.8: Deviation of ATy from AT at each fixed-point measured at INMETRO.
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5.3.3 INRIM

ATnvi-kcry U(ATnvii—kcry)  U(Wh)

Zn -0.61 0.91 0.79
Sn 0.09 0.59 0.50
In -0.02 0.58 0.59
Ga 0.04 0.35 0.15
Hg 0.18 0.30 0.12
Ar 0.22 1.08 0.36

Table 5.10: Deviation from AT at each fixed-point measured at INRIM. Uncertainties are displayed at the
k =2 level.
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Figure 5.9: Deviation of ATy from AT at each fixed-point measured at INRIM.
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5.3.4 INTI

ATnvi-kcry U(ATnvii—kcry)  U(Wh)

Zn -1.56 3.37 3.88
Sn -1.10 1.88 2.10
In 0.45 2.35 2.15
Ga 0.15 0.87 0.72
Hg -0.08 0.66 0.71
Ar 0.95 1.74 1.95

Table 5.11: Deviation from AT at each fixed-point measured at INTI. Uncertainties are displayed at the
k = 2 level.
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Figure 5.10: Deviation of ATy from AT at each fixed-point measured at INTL.
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5.3.5 KRISS

ATnvi-kcry U(ATnvii—kcry)  U(Wh)

Zn 0.61 0.99 0.92
Sn 0.22 0.75 0.81
In 0.27 0.97 1.13
Ga -0.08 0.41 0.31
Hg -0.19 0.40 0.42
Ar 0.28 1.03 0.81

Table 5.12: Deviation from AT at each fixed-point measured at KRISS. Uncertainties are displayed at the
k =2 level.
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Figure 5.11: Deviation of ATy from AT at each fixed-point measured at KRISS.
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5.3.6 LNE-CNAM

Table 5.13: Deviation from AT at each fixed-point measured at LNE-CNAM. Uncertainties are displayed

at the k = 2 level.
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5.3.7 NIM

ATnvi-kcry U(ATnvii—kcry)  U(Wh)

Zn 0.13 0.74 0.61
Sn 0.33 0.54 0.51
In 0.13 0.43 0.45
Ga 0.26 0.38 0.34
He 0.24 031 0.29
Ar -0.67 0.66 0.33

Table 5.14: Deviation from AT at each fixed-point measured at NIM. Uncertainties are displayed at the
k =2 level.
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Figure 5.13: Deviation of AT from AT at each fixed-point measured at NIM.
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5.3.8 NIST

ATnvi-kcry U(ATnvii—kcry)  U(Wh)

Zn 0.02 0.61 0.44
Sn -0.11 0.37 0.23
In 0.13 0.25 0.17
Ga -0.22 0.23 0.07
He -0.32 025  0.12
Ar -1.41 0.54 0.13

Table 5.15: Deviation from AT at each fixed-point measured at NIST. Uncertainties are displayed at the
k =2 level.
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Figure 5.14: Deviation of ATy from AT at each fixed-point measured at NIST.
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5.3.9 NMIA

ATnvi-kcry U(ATnvii—kcry)  U(Wh)

Zn -1.07 0.64 0.41
Sn -0.21 0.46 0.31
In -0.04 0.39 0.39
Ga -0.33 0.35 0.34
Hg -0.04 0.29 0.27
Ar -0.36 0.99 0.95

Table 5.16: Deviation from AT at each fixed-point measured at NMIA. Uncertainties are displayed at the
k =2 level.
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Figure 5.15: Deviation of ATy from AT at each fixed-point measured at NMIA.
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5.3.10 NMIJ/AIST

ATnvi—kcry - U(ATnuvi—kerv)  U(Wh)

(mK) (mK)  (mK)
Zn 0.19 0.78 0.68
Sn -0.03 0.53 0.51
In 0.16 0.36 0.34
Ga -0.24 0.30 0.23
Hg 0.18 059  0.70
Ar 0.20 1.30 1.41

Table 5.17: Deviation from AT at each fixed-point measured at NMILJ/AIST. Uncertainties are displayed
at the k£ = 2 level.
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Figure 5.16: Deviation of ATny from AT at each fixed-point measured at NMIJ/AIST.
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5.3.11 NPL

ATnvi-kcry U(ATnvii—kcry)  U(Wh)

Zn -1.78 0.64 0.43
Sn 0.09 0.50 0.25
In -0.29 0.29 0.24
Ga -0.06 0.26 0.12
Hg 0.06 0.24 0.18
Ar 0.35 0.66 0.32

Table 5.18: Deviation from AT at each fixed-point measured at NPL. Uncertainties are displayed at the
k =2 level.
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Figure 5.17: Deviation of ATyt from AT at each fixed-point measured at NPL.
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5.3.12 NRC

ATnvi-kcry U(ATnvii—kcry)  U(Wh)

Zn 0.30 0.75 0.58
Sn 0.65 0.47 0.34
In 0.12 0.29 0.22
Ga 0.12 0.27 0.14
Hg 0.01 0.24 0.18
Ar -0.06 0.65 0.30

Table 5.19: Deviation from AT at each fixed-point measured at NRC. Uncertainties are displayed at the
k = 2 level.
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Figure 5.18: Deviation of ATy from AT at each fixed-point measured at NRC.
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5.3.13 PTB

ATnvi-kcry U(ATnvii—kcry)  U(Wh)

Zn 1.69 1.23 1.27
Sn 0.28 0.79 0.88
In 0.06 0.75 0.87
Ga -0.05 0.30 0.22
He 0.12 029  0.28
Ar 0.10 0.73 0.49

Table 5.20: Deviation from AT at each fixed-point measured at PTB. Uncertainties are displayed at the
k = 2 level.
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Figure 5.19: Deviation of ATy from AT at each fixed-point measured at PTB.
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5.3.14 VSL

ATnvi-kcry U(ATnvii—kcry)  U(Wh)

Zn 2.53 1.04 0.74
Sn 0.54 0.56 0.47
In -0.02 0.40 0.31
Ga -0.14 0.36 0.27
Hg -0.07 0.25 0.22
Ar -0.82 0.63 0.33

Table 5.21: Deviation from AT at each fixed-point measured at VSL. Uncertainties are displayed at the
k =2 level.
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Figure 5.20: Deviation of ATy from AT at each fixed-point measured at VSL.
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Appendix A

Original protocol

The original protocol, as distributed to participants, follows.

o4



Key Comparison 9 Protocol

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

Obijective: This comparison is designed to compare the realization of the 1TS-90 through the
calibration of SPRTs. The range of temperature covered in this comparison is from the triple

point of Ar (83.8058 K) to the freezing point of Zn (692.677 K). The transfer standards used will
be long-stem SPRTSs.

Method: Collapsed Star

AFRIMETS
(AF1)

SPRT Ar to Zn KC9 - vF.docx Page 1 of 9
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NMI Participants:
Pilot: NIST, Gregory Strouse, gstrouse@nist.gov
AFRIMETS: NMISA, Hans Liedberg, hliedber@nmisa.org

APMP: KRISS, Inseok Yang, iyang@Kkriss.re.kr
APMP: NIM, Jianping Sun (FAE ), sunjp@nim.ac.cn

APMP: NMIJ, Jun Tamba, j-tamba@aist.go.jp
APMP: NMIA, Kim Nguyen, kim.nguyen@measurement.gov.au

COOMET: VNIIM, Anatoly Pokhodun, a.i.pokhodun@vniim.ru

EURAMET: NPL, Helen McEvoy, helen.mcevoy@npl.co.uk
EURAMET: VSL, Andrea Peruzzi, aperuzzi@vsl.nl

EURAMET: PTB, Joachim Fischer, joachim.fischer@ptb.de
EURAMET: INRIM, Peter Steur, p.steur@inrim.it

EURAMET: LNE-INM/CNAM, Yves Hermier, hermier@cnam.fr

SIM: INMETRO, Renato Nunes Teixeira, rnteixeira@inmetro.gov.br
SIM: INTI, Javier Skabar, jskabar@inti.gob.ar
SIM: NRC, Ken Hill, ken.hill@nrc-cnrc.gc.ca

Projected Timeline:

Protocol Agreement January 31, 2011
Transfer Standards Sent to NIST March 31, 2011
Transfer Standards Returned to NMIs September 30, 2011
Transfer Standards Re-Measured by NMls December 31, 2011
Draft A Report Completed March 31, 2012

Participants will supply the following information:

¢ 21TS-90 calibrated SPRTs

o NMI participant will select their own SPRTs based on their own criteria for
suitability and will convey the selection criteria to the Pilot Laboratory

o SPRTs must be calibrated by NMI participant before measurements are made
by the pilot and then again on return from the pilot

o SPRTs are to be measured at every available fixed-point over the range of the
comparison including the In FP and Ga MP

o The calibration of SPRTs by an NMI participant is to be performed by either
fixed-point cells or by comparison with an 1TS-90 calibrated reference SPRT

+ Calibration results supplied in \/\7(FP) with all corrections applied by the NMI such
that the VV(FP) values are equivalent to the ITS-90 assigned temperature values for

0 mA. Uncertainties, U[W(FP)SPRT}, may be specific to each SPRT or a nominal
uncertainty may be given for both SPRTs
o Appendix A gives a reporting worksheet

SPRT Ar to Zn KC9 - vF.docx Page 2 of 9
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+ The measurement equation used to compute each calibration result with an indication
of which inputs vary randomly for each realized equilibrium and which inputs are
systematic across all equilibria for each fixed point within this comparison

o Any quantities in the measurement equation that are a mixture of random and
systematic effects for each SPRT should be broken into constituent parts that
are either purely random or purely systematic within this comparison.

= An example of an SPRT measurement is given in Appendix B

¢ Uncertainty budget compliant with CCT WG3 that includes degrees of freedom
associated each component

o A suggested fixed-point cell uncertainty budget is given in Appendix C

= Sources of uncertainty may be added or deleted as needed

= An NMI may choose to supply their own uncertainty budget (CMC and
WG3 compliant) that includes degrees of freedom for each source of
uncertainty

= Please identify which components of the uncertainty budget are

associated with random effects in VV(FP) and which are associated with
systematic effects in W ( FP)within this comparison.

¢ Heat Flux (Immersion) profile for each fixed-point cell using the SPRTs of this
comparison
o [R(FP), 0 mA] and corresponding [immersion depth (sensor midpoint), cm]
¢ All results and required information will be e-mailed to the NIST statistician
o Will Guthrie, william.guthrie@nist.gov

If you have questions about any aspect of the protocol or are not sure how to report something
that is requested, please contact Greg Strouse and Will Guthrie prior to submitting your report.
After reviewing all submitted reports, we will contact you if there is anything that is unclear to us
or if any additional information is needed to complete the analysis of the data.

Measurement Matrix for Measurements Made at Pilot Laboratory:

SPRT 1

Batch 1 El S1 AP1 C1
Batch 2 E2 S2 AP2 AF1
Batch 3 E3 S3 AP3 E4
Batch 4 ES5 N1 AP4

SPRT 2

Batch 5 E2 S1 AP3 C1
Batch 6 E3 S3 AP2 AF1
Batch 7 El S2 APl E4
Batch 8 ES5 N1 AP4

Note: RMO numbers assigned to NMI SPRTSs by arrival date

SPRT Ar to Zn KC9 - vF.docx Page 3 of 9
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Method of Analysis:

The fixed-point realization temperature differences for each NMI from the KCRV will be
calculated using the following equations:

N P 15
AT\kery = ATwn — AT based on a KCRV of AT :%ZATNMII
i=1

where AT,,, :%(ATNM,‘SPRH + AT senr, ) IN general, and
[W (FP)le |SPRT, -w (FP)NIST,SPRT, j|
ATNMI.SPRI = aw /dT SPRT; *

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

each SPRT and is taken to have a value of Cg,,; =0 and a standard uncertainty, u (CSPRT‘ ) of

W (FP)

NMI SPRT, ,Post-NIST -W ( FP)
(dw, /dT )2

NMI,SPRT; ,Pre-NIST

u (CSPRT, ) =

The uncertainty for each fixed-point realization temperature difference will be calculated using
the following equation:

. _
Wnnccay (K =1)=U (AT, )*+U(AT ) = 2u (AT, AT)
. _ _
=U(ATyy )" +U(AT ) = 20(ATy, )u(AT) p(AT, AT )
where u(AT,,, )is the standard uncertainty of AT, ,
u(ﬁ) is the standard uncertainty of AT ,
u(ATNmE) is the covariance of AT,,, and AT , and

p(AT, AT ) is the correlation of AT, and AT

An SPRT cutoff criterion for use in calculating values of ATyw will be used to ensure that
uncertainty associated with the travel, handling, or stability of either SPRT does not dominate the

standard uncertainty of ATyw . U(ATu ). The cutoff criterion will be based on the statistical
agreement between each SPRT’s resistance ratios before and after its travel to NIST and the

magnitude of U(Cspm, )

SPRT Ar to Zn KC9 - vF.docx Page 4 of 9
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The mathematical definition for the cutoff criterion will be:

W (FP)

)NMI \SPRT; Post-NIST

W (FP
— 2 — 2
(dWr /dT )\/uR |:W (FP )NMI ,SPRT; ,Post-NIST J +Ug [W ( FP)NMI ,SPRT; ,Pre-NIST ]
and Results from SPRT, will not be used

u (ATNMI )2 —u (CSPR] )2
3

NMI,SPRT, ,Pre-NIST

> to.gs,ve,,

u (CSPR'I" ) >

In the cutoff criterion above, u, [VV(FP) is the combined standard uncertainty from all

NMI ,SPRT; }
sources of random uncertainty for each SPRT and t,;, is the appropriate quantile of the
Student’s t distribution with v, degrees of freedom needed to compute an approximate 95%

confidence interval for the temperature difference observed after travel to and from NIST for
each SPRT.
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Appendix A: Measurement Reporting Worksheet (active Excel Spreadsheet)
Participating NMI I_il
Before sending SPRTs to Pilot Laboratory

Number of B Number of

“["V(Fp)sm} Equilibria “[W(Fp)spnn]’ Equilibria

SPRT 1 , mK Realized* SPRT 2 mK Realized*
W (zn)
W (Sn)
W (In)
W (Ga)
W (Hg)
W (Ar)

Finalmrew) [ ] L 1]

On return to participating NMI
SPRT 1 SPRT 2
On Receipt R(TPW)
Number of Number of
W (P |7 Equilibria WW(FP)wr, | Equilibria
SPRT 1 mK Realized* SPRT 2 mK Realized*

W (Hg)

W (Ar)

S — —

Fixed-Point Cell Information**

Immersion Pressure,
s/n depth, cm kPa

Zn
Sn

In
Ga
Hg
Ar

* or number of comparison measurements
** or supply sufficient information of the comparison method

SPRT Ar to Zn KC9 - vF.docx Page 6 of 9
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Resistance Ratio Reference Resistor Resistor Enclosure
Bridge Model Model Stability, mK

Measurement System

SPRT Ar to Zn KC9 - vF.docx Page 7 of 9
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Appendix B: Example of an SPRT measurement (active Excel spreadsheet)**

Tmeas.(FP) = Too(FP) + pressure correction + immersion correction
W(FP) = Wcalc.(FP) + (Tmeas. — Too) / dWr/dT

Before sending SPRTs to Pilot
Laboratory

pressure immersion

correction Ucorrection correction Ucorrection
mK mK mK mK

Zn)

(
(Sn)

(In)

Ga)

(
(Hg)

S22g s

(Ar)

After sending SPRTs to Pilot Laboratory

pressure immersion

correction Ucorrection correction Ucorrection
mK mK mK mK

** or supply sufficient information of the comparison method

SPRT Ar to Zn KC9 - vF.docx
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Appendix C: Suggested Fixed-Point Cell Uncertainty Budget (active Excel Spreadsheet)**
Participating NMI |

Ar Hg Ga In Sn Zn Systematic
TypeA mK df mK df mK df mK df mK df mK  or Random

Phase Transition
Realization Repeatability

Totala[ 000 |  [ooo [ Jooo] [ooo] Jooo] [oo0]

Type B

Chemical Impurities

Hydrostatic-head

Propagated TPW

SPRT self-heating

Heat Flux

Moisture

Gas pressure

Slope of Plateau

Totag| 0 [ | o] [of [ol] [of [o]
Combined Standard
Uncertainty 0 0 0 0 0 0
Expanded Uncertainty
(k=2 level, using
effective df) | 0.00 0.00 0.00 0.00 0.00 0.00

** or supply sufficient information of the comparison method

SPRT Ar to Zn KC9 - vF.docx Page 9 of 9
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Appendix B

Raw Data tables

B.1 W values and uncertainty

The following tables contain ante-NIST and post-NIST data supplied by each NMI in the “Ap-
pendix A: Measurement Reporting Worksheet” from the original K9 protocol, along with the at-
NIST measurements performed in Gaithersburg, USA. Columns containing quantities required to
calculate the ‘cutoff criteria’ described in Chapter 2 have been added, displaying the total ran-
dom contribution to the uncertainty and its corresponding degrees of freedom respectively. These
quantities were calculated from the uncertainty budgets supplied by each NMI.
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Appendix C

Uncertainty budgets

This section contains the uncertainty budgets submitted (“Appendix C: Suggested Fixed-Point Cell
Uncertainty Budget” in the original K9 protocol) by each NMI. In the first table for each NMI,
individual components are enumerated and identified as:

(i) Type A or
(ii) Type B
and also as
(i) Random (R) or
(ii) Systemmatic (S)

In cases where the submitted budget only denoted uncertainty type, we assumed Type A com-
ponents to be random and Type B components to be systematic.

The second table(s) for each NMI detail the quantitative contributions of each uncertainty
component at each fixed point. In this table, the component names have been truncated to save
space; readers are directed to the first table for the full names of each component. In some cases,
we identified minor inconsistencies in the reported combined uncertainties, likely due to rounding
in the budget forwarded to NIST. We have presented the budgets as they were provided to NIST,
rather than recalculating combined uncertainties or degrees of freedom. The final row of this table
displays the expanded combined uncertainty at k = 2.

A dash represents a value that was not supplied.

80



Component

Type

Systematic/Random

typical statistical uncertainty of the phase
transition realization (including bridge noise and
short term resistor stability)

chemical impurities and evolution of thermometer
well

immersion depth correction

heat flux

fixed point realization (including slope)
isotopic correction

precision and linearity of resistance bridge
precision of standard resistor

SPRT oxidation

SPRT moisture

SPRT self-heating correction

Propagated TPW

A

o3

sslivelivvivelivellivsliveivellive

R

=

v v g

Table C.1: Uncertainty budget components at BIPM.

81



INAId Y® 198pnq Ajureymeoun gD SR,
- - - S - - - zeo - - - - -*popuedxry
- - - - - = ¢ 9710 - - - - ***pIepue)s pauliquio))
- - - - - = - ZT0 - - - - q q 2d£3 1ejo],
- - - - - - - 100 - - - - v v odA} 1ejoq,
- - - - - = ¢ GIT0 - - - - - MdJI porededorg
- B - BB - B T G000 - BB - BB q "r3uryeay-Jes LIS
- = - = - - 1 0z20°0 - - - - q adnjisiowwr 1HYJS
- - - - - - T G000 - - - - d UOnepxo 1udsS
- - - - - = 1 €100 - - - - q ***Jo uorsmaxd
- - - - - S 1 0200 - = - - q -pue uorswoaxd
- - - - - > 1 0 - - - - qa UO1399.1109 21d0jost
- - - = - - I 0010 - - - - qa ~qutod poxy
- - - - - - T 0€0°0 - - - - d XUg yeoy
- - - = - - 1 10070 - - - - q 1p9dep uorsIouIII
- - - - - = 1 6e00 - - - - q R CRJ i)
- IS - e - - @ o0 - - S reorddy
jop MW jop 3w jop Muw jop = Muw  jop Muw jop 3w

ed

SH

v

odAT,

82



Component Type Systematic/Random

Phase Transition Realization Repeatibility A R

Chemical Impurities
Hydrostatic-head
Propagated TPW
SPRT self-heating
Heat Flux

Bridge Linearity
Standard Resistor
Gas pressure

Slope of Plateau
R(TPW) Stability

vsMiveliveliveivelivelivvliveivelive
j=siii=v il =v ]l =v}i} =v )i} =e L O 2l =e RO s ) =¥}

Table C.3: Uncertainty budget components at INMETRO.
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Component Type Systematic/Random

Phase Transition Realization Repeatibility A R
Bridge (repeatability, non-linearity, AC A S
quadrature)

Reference Resistor Stability A S
Chemical Impurities B S
Hydrostatic-head B S
Propagated TPW B S
SPRT self-heating B S
Heat Flux B S
Moisture B -
SPRT Pt Oxidation B -
Gas pressure B S
Slope of Plateau B S

Table C.6: Uncertainty budget components at INRIM.
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Component Type Systematic/Random
Reading Repeatibility A R
Slope of Plateau A S
Repeatibility of Phase Transition A R
SPRT self-heating A S
Chemical Impurities B S
Hydrostatic-head B S
Propagated TPW B S
Heat Flux B S
Bridge error B R
Reference Resistor Stability B R
Gas pressure B S

Table C.8: Uncertainty budget components at INTTI.
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Component Type Systematic/Random
Phase Transition Realization Repeatibility A R
Bridge (repeatability) A R
Reference Resistor Stability A R
Chemical Impurities B S
Bridge (non-linearity, AC quadrature) B S
Hydrostatic-head B S
Propagated TPW B S
TPW Resistance change B R
SPRT self-heating B R
Heat Flux B S
Moisture B -
SPRT Pt Oxidation B -
Gas pressure B S
Slope of Plateau B S

Table C.12: Uncertainty budget components at KRISS.
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Component

T

<

pe

Systematic/Random

W repeatability

Self heating correction

Bridge linearity

Short-term thermometer repeatability at TPW

Purity and gas pressure

Hydrostatic pressure correction

Spurious heat fluxes

AC/DC current

Interpretation of the plateau

Propagated TPW reproducibility

Propagated TPW purity and isotopic composition
Propagated TPW hydrostatic pressure correction
Propagated TPW spurious heat fluxes
Propagated TPW self-heating correction

Internal insulation leakage

Stability of Rs

Temperature correction for Rs

>

sslivelioviive i vciiociive lve Ml vsiovRlvs e i oe

oo

MEH NN nn

Table C.14: Uncertainty budget components at LNE-CNAM.
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Component Type Systematic/Random

Phase Transition Realization Repeatibility A R

Chemical Impurities
Hydrostatic-head
Reference resistors
Non-linearity of bridge
Repeatability of bridge
Propagated TPW
SPRT self-heating
Heat Flux

Gas pressure

Slope of Plateau

vsiveliioviive v i vciivvliive vl ow
NNV NNNVLNN

Table C.17: Uncertainty budget components at NIM.
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Component Type Systematic/Random
Bridge Repeatability A R
Bridge Non-Linearity A S
Phase Transition Realization Repeatability A R

AC Bridge Quadrature
Reference Resistor Stability
Chemical Impurities
Hydrostatic-Head Correction
SPRT Self-Heating Correction
Heat Flux

Gas Pressure

Slope of Plateau

Isotopic Variation
Propagation of TPW

vsMiveliivvllive i velivsiivv liveivolivy
TITNITNnITnNnndwn

Table C.19: Uncertainty budget components at NIST.
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Component Type Systematic/Random

Electrical Noise
Reference Resistor Stability

>
o=y

Chemical Impurities

FP realization/Slope of plateau
SPRT self-heating

Bridge non-linearity

Bridge quadrature

AC/DC effect
Hydrostatic-head

Heat flux/conduction
Moisture/Insulation

Gas pressure

Propagated SPRT stability/ Pt oxidation
Propagated TPW

osMiveiieciivelive i vciioviive ive il oclivs Rlvs)
N

N, i

Table C.21: Uncertainty budget components at NMIA.
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Component Type Systematic/Random
Repeatability of Measured Resistance Ratio A R
Short-term Repeatability of the Resistance A R
Measurements at the Fixed Point

Reproducibility of the Resistance of the SPRT at A R
TPW

Short-term Repeatability of the Resistance A R
Measurements at the TPW

Fixed Point Reproducibility B S
Chemical Impurities in Fixed Point Cell B S
Variation of the Liquid Fraction during the B S
Measurement Period of a Fixed Point Plateau

Realization

Gas Pressure Correction in Fixed Point Cell B S
Calibration to National Standard B S
Heat Flux at Fixed Point B S
Hydrostatic-head Correction in Fixed Point Cell B S
Water Triple Point Reproducibility B S
Isotopes and Chemical Impurities in Water Triple B S
Point Cell

Residual Gas in Water Triple Point Cell B S
Heat Flux at Water Triple Point B S
Hydrostatic-head Correction in Water Triple Point B S
Cell

Moisture B -
SPRT Pt Oxidation B -
Bridge and Reference Resistor Stability B S

Table C.24: Uncertainty budget components at NMILJ/AIST.
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Component Type Systematic/Random

Repeatibility A R
Estimation of the triple point temperature of Ar B S
by Reference SPRT

Longitudinal temperature gradient B S
Reference Resistor Stability for Reference SPRT B S
Bridge for Reference SPRT B S
Reference SPRT self-heating B S
Calibration of Reference SPRT at the triple point B S
of Ar

Reference SPRT Stability B S
Reference Resistor Stability for DUT B S
Bridge for Reference DUT B S
DUT self-heating B S
Estimation of the value of DUT at the Fixed point B S
by comparison

Propagated TPW B S

Table C.29: Uncertainty budget components at NMIJ/AIST.
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Component Type Systematic/Random
FP repeatability A R
Bridge repeatability A R

Stability of Rs
Chemical Impurities
Hydrostatic-head
Propagated TPW
Bridge non-linearity
Freq, quadrature
SPRT self-heating
Heat Flux

Moisture

SPRT Pt Oxidation
Gas Pressure

Slope of Plateau

sslioviivelivv i seliveliovlivolivs i uliive oy
NULUNRNNRNNNNNRNDN

Table C.34: Uncertainty budget components at NPL.
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Component Type Systematic/Random

Phase Transition Realization Repeatibility A R

vs)
w

Bridge (repeatability, non-linearity, AC
quadrature)

Reference Resistor Stability
Chemical Impurities
Hydrostatic-head
Propagated TPW

SPRT self-heating

Heat Flux

Moisture

SPRT Pt Oxidation

Gas pressure

Slope of Plateau

N N

vsMivelivvlive i veliivsiive llvs i vellioy
wn

Table C.37: Uncertainty budget components at NRC.
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Component

Type

Systematic/Random

Phase Transition Realization Repeatability

Hydrostatic Pressure

Residual Gas Pressure
Impurities

Thermal Effects

Choice of Fixed-Point Value (includ. Slope of the
Plateau)

Propagated TPW

SPRT Self-Heating

SPRT Instability
Resistance-Ratio Measurement
Reference Resistor Stability

A

vslivsiivelve]lvs]

vsllvelivellve i vs|

R

U N U

N U N U v

Table C.39: Uncertainty budget components at PTB.
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Component Type Systematic/Random

Realization repeatability A R
SPRT resistance measurement A R
Chemical Impurities B S
Hydrostatic head B S
SPRT self-heating (current) B S
SPRT self-heating (extrapolation) B S
Standard resistor B S
Resistance ratio bridge B S
TPW propagation B S
Gas pressure B S
Heat flux (evaluated during return measurements) B S

Table C.41: Uncertainty budget components at VSL.
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Appendix D

Temperature shifts during SPRT transfer, by
NMI

The following data display the difference between ante-NIST and post-NIST measurements for each
SPRT at each fixed- , organized by NMI. They are identical to the data displayed in Chapter 4, but
displayed in a different light. In the graphs that follow, error bars represent & = 2 coverage for the
uncertainty in WPt — WAnte When all random contributions to uncertainty have been quantified,
we expect WPost — At — () within uncertainty (i.e. cutoff criterion #1 is true), unless an adverse
event occurred. We see many shifts in excess of the reported random uncertainties, suggesting the
presence of an unaccounted source of error.
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Figure D.1: Shift in measured W upon recalibration for each SPRT measured at BIPM.
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Figure D.2: Shift in measured W upon recalibration for each SPRT measured at INMETRO.
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Figure D.3: Shift in measured W upon recalibration for each SPRT measured at INRIM.
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Figure D.4: Shift in measured W upon recalibration for each SPRT measured at INTI.
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Figure D.5: Shift in measured W upon recalibration for each SPRT measured at KRISS.
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Figure D.6: Shift in measured W upon recalibration for each SPRT measured at LNE-CNAM.
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Figure D.7: Shift in measured W upon recalibration for each SPRT measured at NIM.
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Figure D.8: Shift in measured W upon recalibration for each SPRT measured at NIST.

1.00
© SPRT1
0.75 M SPRT2
0.50 4
>é 0.25 4 o
< o
2 0.00 o =
g
< m
<0251 R m m
—0.50 o o
—0.751
-1.00 T T T T T T
Zn Sn In Ga Hg Ar

Figure D.9: Shift in measured W upon recalibration for each SPRT measured at NMIA.
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Figure D.10: Shift in measured W upon recalibration for each SPRT measured at NMIJ/AIST.
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Figure D.11: Shift in measured W upon recalibration for each SPRT measured at NPL.
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Figure D.12: Shift in measured W upon recalibration for each SPRT measured at NRC.
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Figure D.13: Shift in measured W upon recalibration for each SPRT measured at PTB.
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Figure D.14: Shift in measured W upon recalibration for each SPRT measured at VSL.
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Appendix E

Variations on the calculation of AT

Here we present some alternative approaches to calculating the KCRV (AT) and the corresponding
NMI results. None of these alternatives are used anywhere else in this report. These alternative
derivations are presented here for two reasons:

1. To illustrate the sensitivity of the results to changes in the definition of AT

2. To present results for the comparison calculated without incorporating greater-than-expected
scatter in measurements (that is, adhering strictly to the definition of AT in the original
proposal)

E.1 AT as a weighted average

During the exploratory analysis phase of our work on CCT-K9, we considered the alternatives below,
but neither approach seemed more appropriate than the simple mean specified in the protocol.
These alternative approaches — included here for completeness — are summarized in Table E.1.

E.1.1 Weighted by SPRT failures

During analysis, we became concerned that some SPRT's failed the cutoff criteria at multiple points,
but were still used to calculate AT at points where they passed the criteria. To minimize this effect,
we weighted each SPRT by a factor ‘X

#fixed points passed

- #fixed points measured

For example, an SPRT that passed the cutoff criteria at all six fixed points would contribute twice
as much weight to ATIIIMI as one that passed the cutoff criteria at only three fixed points.

This approach introduced a very small effect (changes of AT were 50 pK or less, changes in
U(AT) were 20 pK or less), so we don’t believe this weighting is necessary.

E.1.2 Weighted by uncertainty budget

We also calculated AT using a weighting factor equal to the inverse of the uncertainty of ATy for
each lab. The results of this calculation were significantly different than the simple mean. However,
given the additional scatter/transfer uncertainty discussed earlier, it seems unwise to weight the
results based exclusively on the uncertainty budgets as submitted. Nonetheless, the interested
reader can find the results in Table E.1.
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Elweighted V\ieighted by SPRT Wieighted by uncertainty

AT U AT U AT U
Zn  -0.196 0.220 -0.146 0.236 -0.544 0.015
Sn 0.058 0.156 0.045 0.169 0.298 0.010
In -0.077 0.094 -0.079 0.098 -0.112 0.004
Ga 0.231 0.067 0.221 0.071 0.215 0.003
Heg 0.282 0.076 0.284 0.076 0.301 0.003
Ar 0.801 0.167 0.797 0.167 0.651 0.017

Table E.1: Values of AT at each fixed point calculated as calculated in the main text, and using
two alternative formulations.

E.2 Ignoring the additional variation seen in the at-NIST measurements

Following the calculation steps exactly as laid out in the protocol, without including an additional
term in the uncertainty due to the observed variation in the NIST measurements, leads to a different
set of SPRT's passing the cutoff criteria and thus to slightly different KCRVs and different combined
uncertainties in those KCRVs.

Furthermore, the protocol did not unambiguously define the role of ante- and post-NIST mea-
surements. While they are clearly used to assess a transfer uncertainty due to travel, and that
uncertainty is clearly used to calculate cutoff cretieria for calculating AT, it is not clearly stated
whether W; should be taken as WA™e WPt or an average of the two.

The definition of u(C;) in Eq. 2.10 assumes that C; has a rectangular distribution with a width
of WFost —WAnte centered about & (W™ + WFost) | implying that W denotes the mean value but
it is not explicitly stated.

The contrasting interpretations:

1. Wz — % (WiAnte + WiPOSt)

lead to slightly different values of AT and values of ATxwmr.kcry for each NMI/fixed point.

As unanimously agreed by the participants, the body of this work uses the first interpretation
(Table 5.1), with additional uncertainty included to account for the observed scatter of the NIST
measurements. This section presents results calculated using each of the three interpretations
(Tables E.2, E.4 and E.5).

E.2.1 Average of ante-NIST and post-NIST data used

Without the additional uncertainty from the scatter in the NIST measurements the cutoff criteria
can result in fewer SPRTs (Table E.3) contributing to some KCRVs (Table E.2). Despite this,
shifts in KCRV are small, as are changes in the uncertainty of the KCRVs.
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AT U #NMTs
(mK) (mK) contributing

Zn 020 0.22 12
Sn 0.06 0.16 10
In -0.09 0.09 11
Ga 021 0.6 11
Hg 028 0.07 10
Ar 081 0.14 11

Table E.2: Values for AT at each fixed point, without incorporating an increased NIST uncertainty
due to scatter at the pilot lab.
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NMI

Zn Sn In Ga Hg Ar
SPRT1| - - - Vv - -
BIPM SPRT2| - - - v - -
INMETRO SPRT1 | v vV V V V V
SPRT2 | v vV V V VOV
SPRT1| - - - - -
INRIM sPRT2 |V V VV
SPRT1| - - - -
INTI SPRT2 | v V' v v
sPrRT1 | v vV V V VOV
KRISS sprro | - . oY
LNE-CNAM SPRI1 | v/ -V
SPRT2 | v/ v
SPRT1 | v V -/
NIM SPRT2 | v/ v Vv
SPRT1| - - - - - -
NIST SPRT2| - - - - - -
SPRT3 | - - - - - -
SPRT1 | v/ v v v/
NMIA sPR12 |V V VY
SPRT1 | vV vV V V V V
NMU/AIST ppro v v V' V'
SPRT1 | v/ v v
NPL SPRT2 | v - o/
SPRT1 v v v/
NRC sRT2 |V V'
SPRT1| - v VvV V V V
P sPRT2 |V V'
SPRT1 v 7/
VSL SPRT2 | v v Va4

Table E.3: Results of tests against the cutoff criteria. A checkmark (|/ ) indicates an SPRT that
was used in the calculation of the KCRV, an X (
it failed the cutoff criteria and ‘—’ indicates an SPRT that did not include a measurement at that
fixed point, or was marked as unstable
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E.2.2 Only ante-NIST data used

In some other comparisons the difference between participant and pilot lab values is computed
using only the initial two sets of measurements. A third set of measurements, performed upon
the return of the transfer standard to its home laboratory, is solely for the assessment of drift. In
this case the third set of measurements for each SPRT serves solely as a method of calculating the
transfer uncertainty, u(Csprr,), while the first two sets of measurements are used when computing
AT (Table E.4).

AT U  #NMls

(mK) (mK)
Zn -0.19 0.23 12
Sn  -0.01 0.17 9

In -0.07 0.10 11
Ga 022 0.7 12
Hg 0.30 0.08 10
Ar 081 0.17 11

Table E.4: Values for AT at each fixed point, calculated using only ante-NIST data from each
NMI.

E.2.3 Only post-NIST data used

Similar to the previous section, here one set of measurements is used solely to assess a transfer
uncertainty while the other two are also used when computing AT (Table E.5). Since measurements
in this comparison were spaced over a long period, the post-INIST measurements used in this section
may be much more recent than the ante-NIST measurement and may better represent the current
state of affairs at each NMI.

AT U  #NMIs

(mK) (mK)
Zn -020 0.22 12
Sn 013 0.16 10
In  -0.08 0.09 11
Ga 025  0.07 12
Hg 027  0.08 10
Ar 079 0.17 11

Table E.5: Values for AT at each fixed point, calculated using only post-NIST data.
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Appendix F

Bilateral comparisons

These tables display bilateral comparisons between participating NMIs. There are two presenta-
tion formats: 1) bilateral comparisons bewteen all NMIs at a single fixed point, and 2) bilateral
comparisons between a single NMI and all other NMIs at each of the six fixed points. In each case
the data are presented in millikelvin and include the uncertainty enclosed in parentheses.

F.1 Bilateral comparisons organized by fixed point
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F.2 Bilateral comparisons organized by NMI

Zn Sn In Ga Hg Ar
BIPM - - - - -
INMETRO - - - 018 (O gl = =
INRIM - - = 007(0.52) - -
INTI - - - 0.04(109) - -
KRISS - - - 020(058) - -
LNE-CNAM - - - 047 (0.50) - -
NIM - - = 015(0.55) - -
NIST - - - 034(041) - -
NMIA - - - 044052 - -
NMIJ/AIST - - - 0.35(047) - -
NPL - - - 017(044) - -
NRC - - - 001045 - -
PTB - - - 016047 - -
VSL - - - 025(083) - -

Table F.7: Bilateral comparison of measurements at BIPM. Numerical results are displayed in millikelvin
and uncertainty (k = 2) is included in parentheses.

Zn Sn In Ga Hg Ar

BIPM (0.51)

INMETRO =

INRIM 0.07 (1 82) 0.99 (1 17) 0.63 (O 98) 0.25 (0.54) 0.29 (O 54) 0.01 (1 34)
INTI 0.88 (4.30) 0.19 (2.52) 1.10 (2.45) 0.14 (1.10) 0.03 (0.93) 0.74 (2.26)
KRISS 1.30 (1.88) 1.12 (1.30) 0.92 (1.36) 0.38 (0.60) 0.08 (0.66) 0.07 (1.48)
LNE-CNAM 1.69 (1.86) 1.20 (1.13) 1.29 (0.90) 0.65 (0.52) 0.88 (0.78) 0.38 (1.24)
NIM 0.81 (1.71) 1.24 (1.12) 0.78 (0.86) 0.03 (0.57) 0.35 (0.59) 0.88 (1.11)
NIST 0.70 (1.63) 0.79 (1.01) 0.78 (0.74) 0.51 (0.43) 0.21 (0.53) 1.62 (1.01)
NMIA 0.39 (1.65) 0.69 (1.07) 0.61 (0.83) 0.62 (0.54) 0.07 (0.56) 0.57 (1.44)
NMIJ/AIST 0.88 (1.73) 0.88 (1.12) 0.81 (0.80) 0.53 (0.49) 0.29 (0.85) 0.01 (1.76)
NPL 1.10 (1.65) 0.99 (1.06) 0.35 (0.76) 0.35 (0.46) 0.17 (0.53) 0.14 (1.11)
NRC 0.99 (1.72) 1.55 (1.08) 0.77 (0.76) 0.17 (0.47) 0.12 (0.53) 0.27 (1.11)
PTB 2.38 (2.07) 1.19 (1.33) 0.71 (1.14) 0.34 (0.49) 0.23 (0.57) 0.11 (1.18)
VSL 3.21 (1.92) 1.45(1.14) 0.62 (0.84) 0.43 (0.54) 0.04 (0.53) 1.03 (1.09)

Table F.8: Bilateral comparison of measurements at INMETRO. Numerical results are displayed in mil-
likelvin and uncertainty (k = 2) is included in parentheses.

144



Zn Sn In Hg Ar
BIPM - - - 0.07 ( 2) - -
INMETRO (1.82) 99 (1.17) 63 (0.98) 0.25 ( 4) 29 (0.54) 01 (1.34)
INRIM - - - - -
INTI 0.95 (4.12) 1.18 (2.40) 0.46 (2.44) 0.11 (1.11) 0.26 (0.84) 0.73 (2.32)
KRISS 1.23 (1.43) 0.13 (1.06) 0.29 (1.34) 0.13 (0.61) 0.37 (0.53) 0.07 (1.57)
LNE-CNAM 1.62 (1.40) 0.21 (0.84) 0.65 (0.87) 0.41 (0.53) 0.59 (0.67) 0.39 (1.35)
NIM 0.74 (1.19) 0.25 (0.83) 0.15 (0.82) 0.21 (0.58) 0.06 (0.43) 0.89 (1.24)
NIST 0.63 (1.08) 0.20 (0.68) 0.14 (0.70) 0.27 (0.45) 0.49 (0.35) 1.63 (1.15)
NMIA 0.46 (1.11) 0.30 (0.76) 0.02 (0.79) 0.37 (0.55) 0.22 (0.39) 0.58 (1.53)
NMIJ/AIST 0.80 (1.22) 0.11 (0.83) 0.17 (0.76) 0.28 (0.51) 0.00 (0.75) 0.02 (1.84)
NPL 1.17 (1.11) 0.00 (0.74) 0.28 (0.72) 0.10 (0.48) 0.11 (0.34) 0.13 (1.23)
NRC 0.91 (1.20) 0.56 (0.77) 0.14 (0.72) 0.08 (0.48) 0.17 (0.34) 0.27 (1.23)
PTB 2.31 (1.67) 0.20 (1.10) 0.08 (1.11) 0.10 (0.51) 0.05 (0.40) 0.12 (1.29)
VSL 3.14 (1.48) 0.46 (0.85) 0.01 (0.80) 0.19 (0.56) 0.25 (0.35) 1.04 (1.21)

Table F.9: Bilateral comparison of measurements at INRIM. Numerical results are displayed in millikelvin

and uncertainty (k = 2) is included in parentheses.

7n Sn In Ga Hg Ar
BIPM - - 0.04 (1.09) - -
INMETRO  0.88 (4.30) 0.19 (2.52) (2 45) 0.14 (1.10) 0.03 (0.93) 0.74 (2.26)
INRIM 0.95 (4.12) 1.18 (2.4()) (2 44) 0.11 (1 11) 0.26 (0.84) 0.73 (2.32)
INTI -
KRISS 2.18 (4.15) 1.31 (2.47) 0.17 (2.61) 0.24 (1.14) 0.10 (0.93) 0.66 (2.40)
LNE-CNAM 2.57 (4.14) 1.39 (2.38) 0.19 (2.41) 0.51 (1.10) 0.85(1.01) 1.12 (2.26)
NIM 1.69 (4.07) 1.43 (2.38) 0.31 (2.39) 0.11 (1.12) 0.32 (0.87) 1.62 (2.20)
NIST 1.58 (4.04) 0.98 (2.33) 0.32 (2.35) 0.37 (1.06) 0.23 (0.84) 2.36 (2.15)
NMIA 0.49 (4.05) 0.88 (2.36) 0.49 (2.38) 0.48 (1.11) 0.04 (0.86) 1.31 (2.38)
NMIJ/AIST 1.75 (4.08) 1.07 (2.38) 0.29 (2.37) 0.39 (1.08) 0.27 (1.07) 0.75 (2.58)
NPL 0.22 (4.05) 1.18 (2.35) 0.74 (2.36) 0.21 (1.07) 0.15 (0.84) 0.60 (2.19)
NRC 1.86 (4.07) 1.74 (2.36) 0.32 (2.36) 0.03 (1.08) 0.09 (0.84) 1.00 (2.19)
PTB 3.25 (4.24) 1.38 (2.49) 0.39 (2.51) 0.20 (1.09) 0.21 (0.86) 0.85 (2.23)
VSL 4.09 (4.16) 1.64 (2.39) 0.47 (2.38) 0.29 (1.11) 0.01 (0.84) 1.77 (2.18)

Table F.10: Bilateral comparison of measurements at INTI. Numerical results are displayed in millikelvin

and uncertainty (k = 2) is included in parentheses.
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Zn Sn In Ga Hg Ar
BIPM - 0.20 (0.58) - -
INMETRO  1.30 (1 88) 1.12 (1.30) 0.92 (1 36) 0.38 (0.60) 0.08 (0.66) 0.07 (1.48)
INRIM 1.23 (1.43) 0.13 (1.06) 0.29 (1.34) 0.13 (0.61) 0.37 (0.53) 0.07 (1.57)
INTI 2.18 (4.15) 1.31 (2.47) 0.17 (2 61) 0.24 (1.14) 0.10 (0.93) 0.66 (2.40)
KRISS -
LNE-CNAM 0.40 (1.48) 0.07 (1.02) 0.36 (1.28) 0.28 (0.59) 0.95 (0.77) 0.46 (1.49)
NIM 0.49 (1.28) 0.12 (1.01) 0.14 (1.25) 0.34 (0.63) 0.42 (0.58) 0.96 (1.38)
NIST 0.60 (1.18) 0.33 (0.89) 0.15 (1.18) 0.14 (0.51) 0.13 (0.52) 1.69 (1.30)
NMIA 1.69 (1.20) 0.43 (0.95) 0.31 (1.23) 0.24 (0.60) 0.15 (0.55) 0.65 (1.65)
NMIJ/AIST 0.42 (1.31) 0.24 (1.01) 0.11 (1.22) 0.15 (0.56) 0.37 (0.85) 0.09 (1.94)
NPL 2.40 (1.20) 0.13 (0.94) 0.57 (1.19) 0.03 (0.54) 0.25 (0.52) 0.06 (1.38)
NRC 0.31 (1.29) 0.43 (0.96) 0.15(1.19) 0.21 (0.54) 0.20 (0.52) 0.34 (1.37)
PTB 1.08 (1.74) 0.07 (1.24) 0.21 (1.46) 0.03 (0.57) 0.31 (0.56) 0.19 (1.43)
VSL 1.91 (1.55) 0.33 (1.03) 0.30 (1.24) 0.06 (0.61) 0.12 (0.53) 1.10 (1.36)

Table F.11: Bilateral comparison of measurements at KRISS. Numerical results are displayed in millikelvin

and uncertainty (k = 2) is included in parentheses.

7n Sn In Ga Hg Ar
BIPM - - - 0.47 (0.50) - -
INMETRO  1.69 (1.86) 1.20 (1.13) 1.29 (0.90) 0.65 (0.52) 0.88 (0.78) 0.38 (1.24)
INRIM 1.62 (1.40) 0.21 (0.84) 0.65 (0.87) 0.41 (0.53) 0.59 (0.67) 0.39 (1.35)
INTI 2.57 (4.14) 1.39 (2.38) 0.19 (2.41) 0.51 (1.10) 0.85 (1.01) 1.12 (2.26)
KRISS 0.40 (1 48) 0.07 (1.02) 0.36 (1.28) 0.28 (0.59) 0.95 (0.77) 0.46 (1.49)
LNE-CNAM =
NIM 0.88 (1.25) 0.04 (0.78) 0.50 (0.73) 0.62 (0.56) 0.53 (0.71) 0.50 (1.13)
NIST 0.99 (1.14) 0.40 (0.61) 0.51 (0.59) 0.14 (0.42) 1.08 (0.66) 1.24 (1.03)
NMIA 2.08 (1.16) 0.50 (0.70) 0.68 (0.69) 0.03 (0.53) 0.80 (0.69) 0.19 (1.45)
NMIJ/AIST 0.82 (1.28) 0.32 (0.77) 0.48 (0.66) 0.12 (0.48) 0.58 (0.94) 0.37 (1.77)
NPL 2.79 (1.17) 0.21 (0.68) 0.93 (0.61) 0.30 (0.45) 0.70 (0.66) 0.52 (1.12)
NRC 0.71 (1.26) 0.36 (0.71) 0.51 (0.61) 0.48 (0.46) 0.76 (0.66) 0.12 (1.12)
PTB 0.68 (1.71) 0.01 (1.06) 0.58 (1.04) 0.31 (0.48) 0.64 (0.69) 0.27 (1.19)
VSL 1.52 (1.52) 0.25 (0.80) 0.66 (0.70) 0.22 (0.53) 0.84 (0.66) 0.65 (1.10)

Table F.12: Bilateral comparison of measurements at LNE-CNAM. Numerical results are displayed in
millikelvin and uncertainty (k = 2) is included in parentheses.
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Zn Sn In Ga Hg Ar
BIPM - - - 0.15 (0.55) - -
INMETRO  0.81 (1.71) 1.24 (1.12) 0.78 (0.86) 0.03 (0.57) 0.35 (0.59) 0.88 (1.11)
INRIM 0.74 (1.19) 0.25 (0.83) 0.15 (0.82) 0.21 (0.58) 0.06 (0.43) 0.89 (1.24)
INTI 1.69 (4.07) 1.43 (2.38) 0.31 (2.39) 0.11 (1.12) 0.32 (0.87) 1.62 (2.20)
KRISS 0.49 (1.28) 0.12 (1.01) 0.14 (1.25) 0.34 (0.63) 0.42 (0.58) 0.96 (1.38)
LNE-CNAM 0.88 (1.25) 0.04 (0.78) 0.50 (0 73) 0.62 (0.56) 0.53 (0.71) 0.50 (1.13)
NIM -
NIST 0.11 (0.87) 0.44 (0.60) 0.01 (0.52) 0.48 (0.48) 0.55 (0.42) 0.74 (0.87)
NMIA 1.20 (0.90) 0.55 (0.69) 0.17 (0.63) 0.59 (0.58) 0.28 (0.46) 0.31 (1.34)
NMIJ/AIST 0.06 (1.05) 0.36 (0.76) 0.03 (0.60) 0.50 (0.53) 0.06 (0.79) 0.87 (1.68)
NPL 1.91 (0.91) 0.25 (0.67) 0.43 (0.54) 0.32 (0.51) 0.17 (0.41) 1.02 (0.98)
NRC 0.17 (1.02) 0.32 (0.70) 0.01 (0.54) 0.14 (0.52) 0.23 (0.41) 0.62 (0.97)
PTB 1.56 (1.55) 0.05 (1.06) 0.07 (1.01) 0.31 (0.54) 0.11 (0.47) 0.77 (1.05)
VSL 2.40 (1.33) 0.21 (0.79) 0.16 (0.64) 0.40 (0.59) 0.31 (0.42) 0.15 (0.96)

Table F.13: Bilateral comparison of measurements at NIM.

and uncertainty (k = 2) is included in parentheses.

Numerical results are displayed in millikelvin

7n Sn In Ga Hg Ar
BIPM - - - 0.34 (0.41) - -
INMETRO  0.70 (1.63) 0.79 (1.01) 0.78 (0.74) 0.51 (0.43) 0.21 (0.53) 1.62 (1.01)
INRIM 0.63 (1.08) 0.20 (0.68) 0.14 (0.70) 0.27 (0.45) 0.49 (0.35) 1.63 (1.15)
INTI 1.58 (4.04) 0.98 (2.33) 0.32(2.35) 0.37 (1.06) 0.23 (0.84) 2.36 (2.15)
KRISS 0.60 (1.18) 0.33 (0.89) 0.15 (1.18) 0.14 (0. 51) 0.13 (0.52) 1.69 (1.30)
LNE-CNAM 0.99 (1.14) 0.40 (0.61) 0.51 (0.59) 0.14 (0.42) 1.08 (0.66) 1.24 (1.03)
NIM 0.11 (0.87) 0.44 (0.60) 0.01 (0.52) 0.48 ( 8) 0.55 (0.42) 0.74 (0.87)
NIST
NMIA 1.09 (0.75) 0.10 (0.49) 0.17 (0.46) 0.11 (0.44) 0.28 (0.39) 1.04 (1.25)
NMIJ/AIST 0.17 (0.92) 0.08 (0.59) 0.03 (0.43) 0.02 (0.38) 0.50 (0.75) 1.60 (1.62)
NPL 1.80 (0.76) 0.20 (0.46) 0.42 (0.34) 0.16 (0.35) 0.38 (0.33) 1.76 (0.86)
NRC 0.28 (0.88) 0.76 (0.51) 0.00 (0.34) 0.34 (0.36) 0.33 (0.33) 1.35 (0.86)
PTB 1.68 (1.46) 0.39 (0.94) 0.07 (0.91) 0.17 (0.39) 0.44 (0.40) 1.50 (0.94)
VSL 2.51 (1.23) 0.65 (0.63) 0.15 (0.48) 0.08 (0.45) 0.25 (0.35) 0.59 (0.84)

Table F.14: Bilateral comparison of measurements at NIST. Numerical results are displayed in millikelvin

and uncertainty (k = 2) is included in parentheses.
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Zn Sn In Ga Hg Ar
BIPM - 0.44 (0.52) -
INMETRO  0.39 (1.65) 0.69 (1 07) 0.61 (0 83) 0.62 (0.54) 0.07 (O 56) 0.57 (1.44)
INRIM 0.46 (1.11) 0.30 (0.76) 0.02 (0.79) 0.37 (0.55) 0.22 (0.39) 0.58 (1.53)
INTI 0.49 (4.05) 0.88 (2.36) 0.49 (2.38) 0.48 (1.11) 0.04 (0.86) 1.31 (2.38)
KRISS 1.69 (1.20) 0.43 (0.95) 0.31 (1.23) 0.24 (0.60) 0.15 (0.55) 0.65 (1.65)
LNE-CNAM 2.08 (1.16) 0.50 (0.70) 0.68 (0.69) 0.03 (0.53) 0.80 (0.69) 0.19 (1.45)
NIM 1.20 (0.90) 0.55 (0.69) 0.17 (0.63) 0.59 (0.58) 0.28 (0.46) 0.31 (1.34)
NIST 1.09 (0.75) 0.10 (0 49) 0.17 (0.46) 0.11 (0.44) 0.28 (0.39) 1.04 (1.25)
NMIA -
NMIJ/AIST 1.26 (0.95) 0.19 (0.68) 0.20 (0.56) 0.09 (0.50) 0.22 (0.77) 0.56 (1.91)
NPL 0.71 (0.79) 0.30 (0.57) 0.26 (0.49) 0.27 (0.47) 0.10 (0.38) 0.71 (1.33)
NRC 1.37 (0.92) 0.86 (0.61) 0.16 (0.49) 0.45 (0.48) 0.05 (0.38) 0.31 (1.33)
PTB 2.76 (1.48) 0.50 (1.00) 0.10 (0.98) 0.28 (0.50) 0.16 (0.44) 0.46 (1.39)
VSL 3.60 (1.26) 0.76 (0.71) 0.01 (0.60) 0.19 (0.55) 0.03 (0.39) 0.46 (1.32)

Table F.15: Bilateral comparison of measurements at NMIA. Numerical results are displayed in millikelvin
and uncertainty (k = 2) is included in parentheses.

7n Sn In Ga Hg Ar
BIPM - - - 0.35 (0.47) - -
INMETRO  0.88 (1.73) 0.88 (1.12) 0.81 (0.80) 0.53 (0.49) 0.29 (0.85) 0.01 (1.76)
INRIM 0.80 (1.22) 0.11 (0.83) 0.17 (0.76) 0.28 (0.51) 0.00 (0.75) 0.02 (1.84)
INTI 1.75 (4.08) 1.07 (2.38) 0.29 (2.37) 0.39 (1.08) 0.27 (1.07) 0.75 (2.58)
KRISS 0.42 (1.31) 0.24 (1.01) 0.11 (1.22) 0.15 (0.56) 0.37 (0.85) 0.09 (1.94)
LNE-CNAM 0.82 (1.28) 0.32 (0.77) 0.48 (0.66) 0.12 (0.48) 0.58 (0.94) 0.37 (1.77)
NIM 0.06 (1.05) 0.36 (0.76) 0.03 (0.60) 0.50 (0.53) 0.06 (0.79) 0.87 (1.68)
NIST 0.17 (0.92) 0.08 (0.59) 0.03 (0.43) 0.02 (0.38) 0.50 (0.75) 1.60 (1.62)
NMIA 1.26 (O 95) 0.19 (0.68) 0.20 (O 56) 0.09 (O 50) 0.22 (O 77)  0.56 (1 91)
NMILJ/AIST -
NPL 1.97 (0.95) 0.11 (0.66) 0.45 (0.46) 0.18 (0.42) 0.12 (0.74) 0.15 (1.68)
NRC 0.11 (1.06) 0.68 (0.69) 0.03 (0.46) 0.36 (0.42) 0.17 (0.74) 0.25 (1.67)
PTB 1.50 (1.57) 0.31 (1.05) 0.10 (0.96) 0.19 (0.45) 0.06 (0.77) 0.10 (1.72)
VSL 2.34 (1.36) 0.57 (0.78) 0.18 (0.57) 0.10 (0.51) 0.25 (0.75) 1.01 (1.67)

Table F.16: Bilateral comparison of measurements at NMLJ/AIST. Numerical results are displayed in
millikelvin and uncertainty (k = 2) is included in parentheses.
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Zn Sn In Ga Hg Ar
BIPM — - 0.17 (0.44) -
INMETRO 1.10 (1.65) 0.99 (1 06) 0.35(0.76) 0.35(0.46) 0.17 (O 53) 0.14 (1.11)
INRIM 1.17 (1.11) 0.00 (0.74) 0.28 (0.72) 0.10 (0.48) 0.11 (0.34) 0.13 (1.23)
INTI 0.22 (4.05) 1.18 (2.35) 0.74 (2.36) 0.21 (1.07) 0.15 (0.84) 0.60 (2.19)
KRISS 2.40 (1.20) 0.13 (0.94) 0.57 (1.19) 0.03 (0.54) 0.25 (0.52) 0.06 (1.38)
LNE-CNAM 2.79 (1.17) 0.21 (0.68) 0.93 (0.61) 0.30 (0.45) 0.70 (0.66) 0.52 (1.12)
NIM 1.91 (0.91) 0.25 (0.67) 0.43 (0.54) 0.32 (0.51) 0.17 (0.41) 1.02 (0.98)
NIST 1.80 (0.76) 0.20 (0.46) 0.42 (0.34) 0.16 (0.35) 0.38 (0.33) 1.76 (0.86)
NMIA 0.71 (0.79) 0.30 (0.57) 0.26 (0.49) 0.27 (0.47) 0.10 (0.38) 0.71 (1.33)
NMIJ/AIST 1.97 (0.95) 0.11 (O 66) 0.45 (0.46) 0.18 (0.42) 0.12 (0.74) 0.15 (1.68)
NPL - -
NRC 2.08 (0.92) 0.56 (0.59) 0.42 (0.38) 0.18 (0.39) 0.05 (0.32) 0.40 (0.97)
PTB 3.48 (1.48) 0.20 (0.98) 0.36 (0.93) 0.01 (0.42) 0.06 (0.39) 0.25 (1.05)
VSL 4.31 (1.26) 0.46 (0.69) 0.27 (0.51) 0.08 (0.48) 0.14 (0.33) 1.17 (0.95)

Table F.17: Bilateral comparison of measurements at NPL. Numerical results are displayed in millikelvin

and uncertainty (k = 2) is included in parentheses.

7n Sn In Ga Hg Ar
BIPM - - 0.01 (0.45) - -
INMETRO  0.99 (1 72) 1.55(1.08) 0.77 (0.76) 0.17 (0.47) 0.12 (0.53) 0.27 (1.11)
INRIM 0.91 (1.20) 0.56 (0.77) 0.14 (0.72) 0.08 (0.48) 0.17 (0.34) 0.27 (1.23)
INTI 1.86 (4.07) 1.74 (2.36) 0.32 (2.36) 0.03 (1.08) 0.09 (0.84) 1.00 (2.19)
KRISS 0.31 (1.29) 0.43 (0.96) 0.15 (1.19) 0.21 (0.54) 0.20 (0.52) 0.34 (1.37)
LNE-CNAM 0.71 (1.26) 0.36 (0.71) 0.51 (0.61) 0.48 (0.46) 0.76 (0.66) 0.12 (1.12)
NIM 0.17 (1.02) 0.32 (0.70) 0.01 (0.54) 0.14 (0.52) 0.23 (0.41) 0.62 (0.97)
NIST 0.28 (0.88) 0.76 (0.51) 0.00 (0.34) 0.34 (0.36) 0.33 (0.33) 1.35 (0.86)
NMIA 1.37 (0.92) 0.86 (0.61) 0.16 (0.49) 0.45 (0.48) 0.05 (0.38) 0.31 (1.33)
NMIJ/AIST 0.11 (1.06) 0.68 (0.69) 0.03 (0.46) 0.36 (0.42) 0.17 (0.74) 0.25 (1.67)
NPL 2.08 (0.92) 0.56 (0.59) 0.42 (0.38) 0.18 (0 39) 0.05 (O 32) 0.40 (0 97)
NRC =
PTB 1.39 (1.55) 0.36 (1.01) 0.06 (0.93) 0.17 (0.43) 0.11 (0.39) 0.15 (1.04)
VSL 2.23 (1.34) 0.11 (0.73) 0.15 (0.51) 0.26 (0.49) 0.08 (0.33) 0.76 (0.95)

Table F.18: Bilateral comparison of measurements at NRC.

and uncertainty (k = 2) is included in parentheses.
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Numerical results are displayed in millikelvin



Zn Sn In Ga Hg Ar
BIPM - - - 0.16 (0.47) - -
INMETRO ~ 2.38 (2.07) 1.19 (1.33) 0.71 (1.14) 0.34 (0.49) 0.23 (0.57) 0.11 (1.18)
INRIM 2.31 (1.67) 0.20 (1.10) 0.08 (1.11) 0.10 (0.51) 0.05 (0.40) 0.12 (1.29)
INTI 3.25 (4.24) 1.38 (2.49) 0.39 (2.51) 0.20 (1.09) 0.21 (0.86) 0.85 (2.23)
KRISS 1.08 (1.74) 0.07 (1.24) 0.21 (1.46) 0.03 (0.57) 0.31 (0.56) 0.19 (1.43)
LNE-CNAM 0.68 (1.71) 0.01 (1.06) 0.58 (1.04) 0.31 (0.48) 0.64 (0.69) 0.27 (1.19)
NIM 1.56 (1.55) 0.05 (1.06) 0.07 (1.01) 0.31 (0.54) 0.11 (0.47) 0.77 (1.05)
NIST 1.68 (1.46) 0.39 (0.94) 0.07 (0.91) 0.17 (0.39) 0.44 (0.40) 1.50 (0.94)
NMIA 2.76 (1.48) 0.50 (1.00) 0.10 (0.98) 0.28 (0.50) 0.16 (0.44) 0.46 (1.39)
NMIJ/AIST 1.50 (1.57) 0.31 (1.05) 0.10 (0.96) 0.19 (0.45) 0.06 (0.77) 0.10 (1.72)
NPL 3.48 (1.48) 0.20 (0.98) 0.36 (0.93) 0.01 (0.42) 0.06 (0.39) 0.25 (1.05)
NRC 1.39 (1.55) 0.36 (1.01) 0.06 (0.93) 0.17 (0.43) 0.11 (0.39) 0.15 (1.04)
PTB - - - - - -
VSL 0.84 (1.78) 0.26 (1.07) 0.09 (0.99) 0.09 (0.51) 0.20 (0.40) 0.92 (1.03)

Table F.19: Bilateral comparison of measurements at PTB
and uncertainty (k = 2) is included in parentheses.

. Numerical results are displayed in millikelvin

7n Sn In Ga Hg Ar
BIPM - - - 0.25 (0.53) - -
INMETRO  3.21 (1.92) 1.45(1.14) 0.62 (0.84) 0.43 (0.54) 0.04 (0.53) 1.03 (1.09)
INRIM 3.14 (1.48) 0.46 (0.85) 0.01 (0.80) 0.19 (0.56) 0.25 (0.35) 1.04 (1.21)
INTI 4.09 (4.16) 1.64 (2.39) 0.47 (2.38) 0.29 (1.11) 0.01 (0.84) 1.77 (2.18)
KRISS 1.91 (1.55) 0.33 (1.03) 0.30 (1.24) 0.06 (0.61) 0.12 (0.53) 1.10 (1.36)
LNE-CNAM 1.52 (1.52) 0.25 (0.80) 0.66 (0.70) 0.22 (0.53) 0.84 (0.66) 0.65 (1.10)
NIM 2.40 (1.33) 0.21 (0.79) 0.16 (0.64) 0.40 (0.59) 0.31 (0.42) 0.15 (0.96)
NIST 2.51 (1.23) 0.65 (0.63) 0.15 (0.48) 0.08 (0.45) 0.25 (0.35) 0.59 (0.84)
NMIA 3.60 (1.26) 0.76 (0.71) 0.01 (0.60) 0.19 (0.55) 0.03 (0.39) 0.46 (1.32)
NMIJ/AIST 2.34 (1.36) 0.57 (0.78) 0.18 (0.57) 0.10 (0.51) 0.25 (0.75) 1.01 (1.67)
NPL 4.31 (1.26) 0.46 (0.69) 0.27 (0.51) 0.08 (0.48) 0.14 (0.33) 1.17 (0.95)
NRC 2.23 (1.34) 0.11 (0.73) 0.15 (0.51) 0.26 (0.49) 0.08 (0.33) 0.76 (0.95)
PTB 0.84 (1.78) 0.26 (1.07) 0.09 (0.99) 0.09 (0.51) 0.20 (0.40) 0.92 (1.03)
VSL = = = = = =

Table F.20: Bilateral comparison of measurements at VSL
and uncertainty (k = 2) is included in parentheses.
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