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Standard Reference Material 1750: Standard Platinum Resistance Thermometers,
13.8033 K t0429.7485 K

Weston L. Tew and Gregory F. Strouse
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Abstract

The Standard Platinum Resistance Thermometer (SPRT) is defined by the Internationa
Temperature Scale of 1990 (ITS90) as the interpolating instrument for temperatures between
13.8033 K and 1234.93 K. This SRM concerns the calibration characteristics of a group of 20
capsule-type SPRTs within the range of temperatures between 13.8033 K and 429.7485 K. The
platinum wire used for the construction of the resistor elements of this SRM was derived from
platinum bar stock with a chemical purity of 99.999 % by weight. Each of the 20 units has been
evaluated, certified, and calibrated according to the definitions of the ITS90. The resistance
characteristics of al 20 units have been measured at 11 fixed point temperatures from 4.22 K to
429.7485 K as well as at least 7 other intermediate points. The procedures used in performing the
calibrations and the supplemental measurements are documented in this publication. The resulting
analysis pertaining to each individual unit, as well as the SRM sample population as a whole, is
presented in detail.

Disclaimer

Certain commercia equipment, instruments, or materials are identified in this publication in order
to adequately specify the experimental procedure. Such identification does not imply
recommendation or endorsement by NIST, nor does it imply that these materials or equipment are
necessarily the best available for the purpose.
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1. INTRODUCTION

This analysis concerns the 20 units of SRM 1750 Standard Platinum Resistance Thermometers
(SPRTYs) that have all been calibrated according to the definitions of the International Temperature
Scale of 19901 (1TS-90). Each calibration consists of a series of resistance measurements of the
SPRT at 10 different fixed-point temperatures. These fixed points are listed in Table 1, along with
their defined temperatures, Tyy on the ITS-90.

Table 1. The 10 fixed points of the ITS-90 used for the SRM 1750 SPRT calibrations.

Notation Descriptive Name T/ K
e-H, TP | equilibrium-hydrogen triple point 13.8033
e-H, VP, | point of equilibrium-liquid hydrogen under a saturated vapor pressure 17.036
near 33.3213 kPa
e-H, VP, | point of equilibrium-liquid hydrogen under a saturated vapor pressure 20.2714
near 101.292 kPa
NeTP neon triple point 24.5561
O, TP oxygen triple point 54.3584
ArTP argon triple point 83.8058
Hg TP mercury triple point 234.3156
H,O TP | water triple point 273.16
GaMP | galium melting point 302.9146
In FP indium freezing point 429.7485

The calibration data are used to produce a set of numerical coefficients for two deviation equations
for the ITS-90 sub-ranges of 13.8 K to 273.16 K and 273.15 K to 429.7485 K. When these two
deviation equations are combined with the appropriate I TS-90 reference functions, the SPRT can be
used to interpolate all temperatures within the range of calibration. Further details concerning the
structure of the scale may be found in NIST Technica Note 1265.?

1.1. Specifications

SPRT calibrations on the ITS-90 are parameterized in terms of the resistance ratio W(Tyo) as
defined by

R(T.

W(Tgo) ° & ’ (1)
R(THonP)

where R(Th,orp) is the SPRT resistance at the water triple point (H,O TP). The most important

specification for any SPRT is the ITS-90 purity criterion for the platinum element. This criterion is
specified in terms of the measured W(Tyo) value at the melting point of gallium Ga MP) or the
triple point of mercury (Hg TP), as given by

W(Tg,p) ® 1.11807, )

or
W(T, e £ 0.844235, ?3)

One of these inequalities must be met in order for an SPRT to serve as a defining instrument of the
ITS-90. The platinum wire that was used in the construction of the SRM 1750 SPRTs was derived
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from bar stock with a purity of 99.999+ % as reported by the suppliert¥. However, the purity of the
platinum is verified only for wire of 0.5 mm diameter or greater. Since the SRM 1750 SPRTs are
constructed primarily with wire of 0.076 mm diameter, the actual purity level for that wire is
expected to be dightly lower. Nonetheless, this platinum wire purity level is still sufficient to yield
W(Tearp) 3 1.1181175 and W(Tyqrp) £ 0.844165 for SRM 1750, which well exceeds the 1TS-90
criterion.

The resistance value for each of the SRM 1750 SPRTs at the H,O TP is the customary value for
capsule SPRTs, or R(Th,ote) =(25.5+0.1) W, but within a somewhat smaller tolerance than is

normally found in commercia devices. Other important design specifications include a strain-free
platinum element and a hermetically sealed capsule containing high-purity He gas. The design of
the element used in the case of SRM 1750 is that of the so called “bird cage” type'’. In these and
other respects, the specifications for the SRM 1750 do not exceed, or significantly depart from,
those that are customary for most commercial capsule SPRTs.”

The construction of the capsule for the SRM 1750 istypical of certain commercial types of SPRTSs.
The outer sheath is made from a nickel alloy with a 5.7 mm diameter which is lined with an inner
platinum sheath. The overall length is approximately 46 mm and each unit is engraved on the outer
sheath with the lettering “NIST SRM 1750,” together with a four digit serial number (4450 through
4459 for the first calibration batch; and 4462, 4463, 4486 through 4493 for the second calibration
batch). The four Pt lead wires are 0.3 mm in diameter and 10 cm long, insulated with a combination
of polypyromelitimide (PPMI) and polytetraflouroethylene (PTFE), and terminated with 0.75 mm
diameter gold-plated beryllium-copper contact pins. Each SRM 1750 SPRT is provided with 1.) a
borosilicate glass adapter probe, 2.) a nylon tee connector for a purge gas connection and 3.) a
polarized four-wire electrical connection with a lead-wire harness. The probes dimensions are
7.5 mm in outer diameter and approximately 60 cm in length.

1.2. Reference Functions

The ITS-90 specifies two reference functions that cover the overall SPRT temperature range, and
we refer to them here as the lower range reference function and the upper range reference function.
One reference function spans the range 13.8033 K to 273.16 K (“lower range”’), and the other
reference function spans the range 273.15 K to 1234.93 K (“upper range”). The reference functions,
denoted as W(To), are representations based on two real SPRTs of very high purity and are
designed to closely approximate any real SPRT resistance ratio, W(Tqo). Figures 1 and 2 are plots of
the lower range and upper range reference functions respectively.

The lower range reference function is given by

¥ @én(T, /27316 K)+150

W, (T )] © A +a A g qQ (4)
-1 6 15 U
where the values for the A are given in Table 2A and 13.8033 K £ Ty £ 273.16 K.
The upper range reference function is given by
g  &(T,/ K)+754.15(
Wr (Tgo)o Co ta Ci e( = ) u: (5)

i=1 € 481 u



where the values for the C; are given in Table 2B and 273.15 K £ Tgo £ 1234.93 K.

Table 2A. Lower range reference function. Table 2B. Upper range reference function.
9 pp 9

Ao -2.135347 29" 10" Co 2.78157254 10"
A, 3.183 24720 10" C, 1.646 509 16" 10™°
A, -1.801 43597 10" C, -1.37143900 10™
As 7.17272040° 10" Cs -6.497 670 00 10°°
A, 5.034 402 70" 10™ C, -2.344 440 00" 10°°
As -6.189 93950 10" Cs 5.118 680 00" 10°
Ag -5.33232200" 10° Cs 1.87982000  10°
A 2.80213620° 10" C, -2.044720 00" 10°
Ag 1.07152240° 10" Cs -4.612 200 00 10°*
Ag -2.930 286 50" 10" Co 457240000 10
A 4.459 87200 10

Ay 1.186 86320  10™

A, -5.248 134 00" 10°

1.3. Deviation Functions

The extent to which an SPRT does not perfectly conform to the ideal representation given by the
reference function is referred to as the deviation, or deviation function, which is defined as the
difference between the observed resistance ratio and the reference function value, or

D\N(Tgo ) ° W(Tg ) - W, (Tgo ) (6)

The SPRT deviation is that part of its resistance-temperature relationship which is considered
unique to each SPRT and must be included in the form of a specified deviation function as part of
the calibration process for each SPRT. The form of the deviation depends on which of the different
calibration sub-ranges is being used. In al cases there are one or more unspecified coefficients in
the deviation function that are uniquely determined for the SPRT from the fixed-point calibration
data.

1.3.1. Calibration Sub-range 13.8033 K to 273.16 K

The SPRT resistance is measured at the equilibrium hydrogen triple point (e-H, TP), the
equilibrium hydrogen vapor pressure point (e-H, VP;) near 33.32 kPa (To@7.035 K), the
equilibrium hydrogen vapor pressure point (e-H, VP;) near 101.29 kPa (To@0.27 K), the neon
triple point (Ne TP), the oxygen triple point (O, TP), the argon triple point (Ar TP), the mercury
triple point (Hg TP), and the H,O TP. The deviation function for this calibration sub-range is given

by

OW,(T,.)° a,W(T,)- ]+ b [W(T)- 17 + & o {Infw(T,o)} . @

i=1

The coefficients a;, by, ¢, €y €3 C4 and cs are determined by solving a system of seven
simultaneous equations using the fixed-point calibration data. These data must include the results of
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measurements of W(Ter,rp), W(Ten,vp,), W(Tenvp,), W(Tnerp), W(To re) » W(Tarre) and W(Thgre)

for the SPRT. This sub-range covers the entire span of the lower range reference function and is the
most complex of al the SPRT calibration sub-ranges.

1.3.2. Calibration Sub-range 273,15 K to 429.7485 K

The SPRT resistance is measured at the indium freezing point (In FP) and at the H,O TP. The
deviation function for this calibration sub-rangeis given by

DW,, (Tgo) ° Ay [W(Tgo) B 1] . (8)

The coefficient a;q is determined by solving the equation using the fixed-point calibration data.
These data must include the results of measurements of W(T,rp) for the SPRT. The gallium melting
point (Ga MP) is aredundant point within the calibration sub-range that is used as a checkpoint for
the calibration.
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Figure 1. The SPRT reference function for the range 13.8 K to 273.16 K. The values of the function at the
defining fixed-point temperatures are also shown.
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Figure 2. The SPRT reference function for the range 273.15 K to 1234.93 K. The values of the function at
the defining fixed-point temperatures are aso shown.



2. CALIBRATION PROCEDURES

As mentioned above, the SRM 1750 capsule SPRTs have been calibrated on the ITS-90 over the
following two sub-ranges: 1) 13.8033 K to 273.16 K and 2) 273.15 K to 429.7485 K. This
calibration involved the NIST redlization of 10 different fixed points, although only nine are
required (the Ga MP is redundant). Five of these fixed points (In FP, Ga MP, H,O TP, Hg TP, and
Ar TP) were redlized directly with fixed-point cells at the time of the calibration of each SPRT.!?
The other five fixed points (e-H, TP, e-H, VP;, e-H, VP,, Ne TP, and O, TP) were realized at an
earlier time using fixed-point cells and NIST reference capsule SPRTs.”? The lower five fixed-
point temperatures were then transferred to the SRM SPRTs via comparison to the reference
SPRTs!® This is essentialy the same method that is normally used a NIST to calibrate any
customer SPRT over this same range of temperatures.

Measurements of each SPRT’s resistance at the respective fixed-point temperatures were made via
an automatically balancing ac resistance-ratio bridge. The ratio measurements were performed at a
carrier frequency of 30 Hz, using either a1 W, 10 W, or 100 W resistance standard, Ryg, and the
various excitation currents, iy, i, , as shown in Table 3. Other parameters shown in Table 3 are the
values of the SPRT reference function Wi(Tgg), and the approximate measured resistance ratio

r © R(Tgo)/Reta-

Table 3. Measurement parameters for the 10 fixed-point temperatures used for SRM 1750.

Fixed Point T/ K Wi(To) r Rag/ W iy, 12/ MA
In FP 429.7485 1.60980185 0.410 100 1.0, 1.414
GaMP 302.9146 1.11813889 0.285 100 1.0,1.414
H.O TP 273.16 1.00000000 0.255 100 1.0, 1.414
Hg TP 234.3156 0.84414211 0.218 100 1.0,1.414
ArTP 83.8058 0.21585975 0.055, 0.55 100, 10 10,20

O, TP 54.3584 0.09171804 0.234 10 1.0,2.0

NeTP 24.5561 0.008449736 | 0.215 1 2.0,2.828
e-H, VP; 20.2714 0.004235356 | 0.108 1 2.0.2.828
e-H, VP, 17.036 0.002296459 | 0.058 1 2.828, 5.0
e-H, TP 13.8033 0.001190068 | 0.030 1 2.828,5.0

2.1. Fixed-Point Methods

The use of capsule SPRTs in fixed-point cells that are designed for long-stem thermometers
requires an adapter probe for the capsule. A variety of such probes have been constructed in the
past at NIST'® and elsewhere'® for this purpose. For SRM 1750, NIST has chosen a precision-bore
borosilicate tube which closely fits the diameter of the SPRT. The probes are used to calibrate the
SPRTs in the five fixed-point cells referred to above. When in use, the probes are pressurized with
He gasto alevel dightly above the ambient atmospheric pressure.

Any adapter probe constructed for SPRT calibration must achieve adequate immersion in the fixed-
point cells.*¥ This can be demonstrated by performing an immersion profile measurement in which
measurements are taken as the probe is step-wise lowered into the last few centimeters of the cell’s
re-entrant well. If the immersion is adequate over this region, the data should produce the profile of
the static pressure-head effect for the particular material in the cell.*?
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The immersion characteristics of an SRM 1750 SPRT in its glass adapter probe are shown in
Figure 3 for a NIST Hg TP cell.!*¥ The data are shown for SPRT resistances extrapolated to zero
power dissipation as a function of immersion depth relative to the bottom of the re-entrant well.
The theoretical immersion profile is shown according to the static pressure head generated by the
mercury, which is 7.1 mK/m or about 7.1 mMWcm. The data are in good agreement with the
expected profile and indicates the immersion of this probe is adequate for thisHg TP cell.

21.464275

L.

21.46427

® R(HgTP)

21.464265
q\ — Theory
21.46426 \

~ 21.464255 T
o

21.46425

21.464245 \{\

21.46424

21.464235 T T T T
0 1 2 3 4 5
Depth /cm

Figure 3. The immersion profile for a SRM 1750 SPRT in a NIST Hg TP cell. Full immersion is 15 cm
between the element center and the top of the solid/liquid metal column, shown as “0 cm” depth in the
figure. The error bars represent type A k=1 uncertainties.

The standard calibration process control employed at NIST for any SPRT calibration using
fixed-point cells involves the use of NIST check thermometers with every fixed point. For the
fixed-point cells discussed here, the check thermometers are long-stem SPRTS, each of which is
dedicated for use with a particular fixed point.

2.1.1. The freezing point of indium

The serial number of the In freezing point cell used in the realizations for SRM 1750 is In 96-3.
The metal purity is 99.999 99 % as derived from SRM 1745.1* The static pressure-head correction
applied was 0.59 mK based on an immersion depth of 18 cm from SPRT element midpoint to the
top surface of the metal column.

2.1.2. The melting point of gallium

The galium melting point was readlized by a melting plateau under saturated vapor pressure
conditions, (i.e., as atriple point). A correction of 2.01 mK was applied to correct for the absence
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of an external pressure. The serial number of the Ga triple-point cell used in the realizations for
SRM 1750 is Ga 943. The metal purity is 99.999 995 % as derived from recent NIST results™ in
preparation for a future SRM. The static pressure-head correction applied was —0.22 mK based on
an immersion depth of 18 cm from the SPRT element midpoint to the top surface of the metal
column.

2.1.3. The triple point of water

The serial numbers of the water triple point cells used in the realizations for SRM 1750 are
A-13-1126, A-13-1287, and A-13-1288. These cells are essentially indistinguishable in their
characteristics and were all made and purified at alocal commercial facility!*® from highly distilled
water derived from the Potomac River. The exact purity of the water in these cells is unknown,
however, they have been compared with other water triple point cells from other national
laboratories and are generally accepted as the highest quality available today!'”. The static
pressure-head correction applied was —0.186 mK based on an immersion depth of 26.5 cm from the
SPRT element midpoint to the top surface of the water column.

2.1.4. The triple point of mercury

The serial number of the Hg triple point cell used in the realizations for SRM 1750 is Hg SS-1.1%8
The metal purity is 99.999 999 % as derived from SRM 743. ™ The static pressure head correction
applied was 1.065 mK based on an immersion depth of 15 cm from the SPRT element midpoint to
the top surface of the metal column (20 % melted fraction).

2.1.5. The triple point of argon

The argon triple-point cell used in the realizations for SRM 1750 is a large apparatus with six wells
designed for long-stem SPRTs and one central well designed for capsule SPRTS?%. The SRM 1750
SPRTs were al calibrated in this apparatus in the long-stem SPRT wells using the glass adapter
probes. For the purposes of this report, the argon apparatus is designated as “Ar-NIST-1X7.” The
triple point is realized in a melting mode at approximately 20 % melted fraction. The gas purity of
the argon as supplied from a commercial source is 99.9999 %.”) The static pressure head
correction applied was 0.36 mK based on an immersion depth of 10.9 cm from the SPRT element
midpoint to the top surface of the solidified gas column (20 % melted fraction).



2.2. Comparison Methods

Comparison measurements for capsule SPRTs are performed at temperatures of 83.8 K and below.
The comparisons for SRM 1750 were made in two batches of ten SPRTs each. The batch of SRM
thermometers, along with a capsule reference thermometer and three other check thermometers,
were placed in a series of close-fitting wells within a high-purity copper comparison block. The
comparison block was controlled at an appropriate constant temperature under high vacuum
conditions and surrounded by a series of isothermal shields.

Each SRM batch thermometer (BT) was measured at the two excitation currentsi; and i, (see Table
3) in a symmetrical sequence, starting and ending with the reference thermometer (RT). The
sequence was a series of seven measurement records: RT(i,), RT(i,), BT(i1), BT(iy), BT(i1), RT(iy),
RT(i,). Each measurement record in the sequence consists of an average of 20 individual bridge
readings. All reference SPRT measurements were made with two currents and resistance ratios
corrected to zero-power dissipation. The average zero-power resistance of the reference
thermometer’s initial and final records was then used to compute the block temperature for the
particular batch thermometer being measured. The reference thermometer was a capsule SPRT
(seriadl no. 1004131) previously calibrated at NIST according to the 1TS-90% using recent
realizations of all required fixed points. These fixed-point realizations were performed according to
any one of three independent techniques used at NIST.?>?24 The check thermometers consisted of
two other similarly calibrated capsule SPRTs and two calibrated Rhodium-lron Resistance
Thermometers (RIRTS). These check thermometers provided checks on the entire calibration
process through comparison of their indicated temperatures.

2.2.1. The triple point of argon

This comparison point was equivalent to and, hence, redundant with the fixed-point realization
described under section 2.1.5. It was performed primarily as a systematic check to verify the
consistencies between the two separate measurement systems which were used. Comparison
measurements at the Ar TP temperature with the first batch of SRM 1750 SPRTs were performed in
October 1998. Comparison measurements at the Ar TP temperature with the second batch of SRM
1750 SPRTs were performed in April 1999. During the first batch comparison calibration,
comparisons between the reference SPRT (s/n 1004131) and check SPRTs (/n 1842385 and g/n
1812279) indicated agreement to within 0.2 mK in indicated temperature. During the second batch
comparison calibration, comparisons between the reference SPRT (s/n 1004131) and check SPRTs
(s/n 1812282 and s/n 1812284) indicated agreement to within 0.02 mK in indicated temperature.
These levels of agreement are generally within the expanded uncertainty for the comparison process
at 83.8058 K.

The reference SPRT 1004131 was originaly calibrated at the argon triple point at NIST in
December of 1994 according to the techniques given by Meyer and Reilly.* This reference SPRT
has recently undergone additional check realizations at NIST with other argon triple point cells
including Ar-NBS-1%® and Ar-NIST-1X7. The argon gas used in these other cells was derived from
the same source, ! as was the case for all NIST realizations of the Ar TP. Those check redlizations
indicate consistency with the 1994 realization to within 0.2 mK.
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2.2.2. The triple point of oxygen

Comparison measurements at the O, TP temperature were performed in October 1998 with the first
batch of SRM 1750 SPRTs, and in April 1999 with the second batch. During the first batch
comparison calibration, comparisons between the reference SPRT (s/n 1004131) and check SPRTs
(s/n 1842385 and s/n 1812279) indicated agreement to within 0.1 mK in indicated temperature.
During the second batch comparison calibration, comparisons between the reference SPRT (g/n
1004131) and check SPRTs (s/n 1812282 and s/n 1812284) indicated agreement to within 0.01 mK
in indicated temperature. These levels of agreement are generally within the expanded uncertainty
for the comparison process at 54.3584 K.

The reference SPRT 1004131 was originaly calibrated at the O, TP at NIST in February 1995
according to the techniques given by Meyer and Reilly.!” This reference SPRT has recently
undergone additional check redlizations at NIST with one other O, TP cell, “PO-1."®' The oxygen
gas used in this other cell was derived from the same source®® as was used in the 1995 realization.
Those check realizations indicate consistency with the 1995 realization to within 0.05 mK.

2.2.3. Thetriple point of neon

Comparison measurements at the Ne TP temperature were performed in November 1998 with the
first batch of SRM 1750 SPRTs and in May 1999 for the second batch. During the first batch
comparison calibration, comparisons between the reference SPRT (s/n 1004131), the check SPRTs
(s/n 1842385 and g/n 1812279), and the check RIRTs (s/n B-174 and s/n B-168) indicated
agreement to within 0.32 mK in indicated temperature. During the second batch comparison
calibration, comparisons between the reference SPRT (/n 1004131), the check SPRTs (s/n 1812282
and s/n 1812284), and the check RIRTs (¢/n B-174 and s/n B-168) indicated agreement to within
0.2 mK in indicated temperature. These levels of agreement are generally within the expanded
uncertainty for the comparison process at 24.5561 K.

The reference and check SPRTs (s/n 1004131 and s/n 1842385) as well as the check RIRTs (/n
B-174 and B-168) were originally calibrated at the Ne TP at NIST in March 1995 according to the
techniques given by Meyer and Reilly."” Independent redizations of the Ne TP using sealed
cells* have recently been made a NIST using RIRT B-174 which indicate agreement with the
1995 realizations to within 0.2 mK.

2.2.4. The point of equilibrium-liquid hydrogen under a saturated vapor pressure near 101.292 kPa

Comparison measurements at an e-H, VP, temperature of 20.2741 K were performed in November
1998 with the first batch of SRM 1750 SPRTs and in May 1999 with the second batch. During the
first batch comparison calibration, comparisons between the reference SPRT (s/n 1004131), the
check SPRTs (s/n 1842385 and s/n 1812279), and the check RIRTs (¥n B-174 and s/n B-168)
indicated agreement to within 0.21 mK in indicated temperature. During the second batch
comparison calibration, comparisons between the reference SPRT (s/n 1004131), the check SPRTs
(s/n 1812282 and s/n 1812284), and the check RIRTs (s/n B-174 and s/n B-168) indicated
agreement to within 0.13 mK in indicated temperature. These levels of agreement are generally
within the expanded uncertainty for the comparison process at 20.274 K.

The reference and check SPRTs (s/n 1004131 and s/n 1842385) were originally calibrated by
comparison to a reference RIRT (g/n B-168) at 20.2693 K in May 1996. The check RIRTs (g/n
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B-174 and B-168) were originally calibrated at an eH, VP, temperature of 20.2693 K at NIST in
June 1994 according to the techniques given by Meyer and Reilly.”” Additional realizations of the
e-H, VP, were performed at NIST in February 1999 using the check SPRTs (s/n 1812284 and s/n
1812282) .27

2.2.5. The point of equilibrium-liquid hydrogen under a saturated vapor pressure near 33.3213 kPa

Comparison measurements at an e-H, VP; temperature of 17.036 K were performed in November
1998 with the first batch of SRM 1750 SPRTs and in May 1999 with the second batch. During the
first batch comparison calibration, comparisons between the reference SPRT (s/n 1004131), the
check SPRTs (s/n 1842385 and s/n 1812279), and the check RIRTs (¥n B-174 and s/n B-168)
indicated agreement to within 0.14 mK in indicated temperature. During the second batch
comparison calibration, comparisons between the reference SPRT (s/n 1004131), the check SPRTs
(s/n 1812282 and s/n 1812284), and the check RIRTs (s/n B-174 and s/n B-168) indicated
agreement to within 0.19 mK in indicated temperature. These levels of agreement are generally
within the expanded uncertainty for the comparison process at 17.036 K.

The reference and check SPRTs (s/n 1004131 and s/n 1842385) were originally calibrated by
comparison to a reference RIRT (g/n B-168) at 17.0352 K in May 1996. The check RIRTs (g/n
B-174 and B-168) were originally calibrated at an e H,VP; temperature of 17.0352 K at NIST in
June 1994 according to the techniques given by Meyer and Reilly.?” Additional realizations of the
e-H, VP, were performed at NIST in February 1999 using the check SPRTs (/n 1812284 and g/n
1812282).1%7

2.2.6. The triple point of equilibrium-hydrogen

Comparison measurements at the e-H, TP temperature were performed in November 1998 with the
first batch of SRM 1750 SPRTs and in May 1999 with the second batch. During the first batch
comparison calibration, comparisons between the reference SPRT (s/n 1004131), the check SPRTs
(s/n 1842385 and s/n 1812279), and the check RIRTs (s/n B-174 and s/n B-168) indicated
agreement to within 0.15 mK in indicated temperature. During the second batch comparison
calibration, comparisons between the reference SPRT (s/n 1004131), the check SPRTs (§/n 1812282
and s/n 1812284), and the check RIRTs (¢n B-174 and s/n B-168) indicated agreement to within
0.18 mK in indicated temperature. These levels of agreement are generally within the expanded
uncertainty for the comparison process at 13.8033 K.

The reference and check SPRTs (s/n 1004131 and s/n 1842385) as well as the check RIRTs (s/n
B-174 and B-168) were originally calibrated at the e-H, TP at NIST in April 1995 according to the
techniques given by Meyer and Reilly.[” Additional realizations of the e-H, TP were performed at
NIST in December 1997 using the check SPRTs (s/n 1812284 and ¥/n 1812282) 1]
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3. RESULTS
3.1. Deviations at Fixed-Point Temperatures

All results shown here are in terms of the individual deviations DW(Tgg) for al the SRM 1750
SPRTSs that have been calibrated. A summary of the results for al 20 units is provided in Table 4.
Only the zero-power values are tabulated here. The distribution of valuesis not at all Gaussian in
shape; therefore the statistical characterization presented here is simply in terms of the maximum
and minimum values (*max.” and “min.” in Table 4) of the deviations a each fixed-point
temperature.

Table 4. Summary of DW(Ty) valuesin for all 20 SPRTs of the SRM 1750.

Serid InFP GaMP [ HgTP Ar TP o, TP NeTP eH,VP, [ eH, VP, | e-H, TP
no. DW/ 10° | DW/10° | DW/ 10° | DW/10° | DW/ 10° | DW/10° | DW/10° | DW/ 10° | DW/ 10°
4450 -8.590 -1.697 1.686 0446 [ 10928 [ 11.188] 10.762] 10.249 9513
4451 -10.424 -2.056 2162 | 11.824| 13.746| 14.196| 13.715| 13122 12.288
4452 -10.472 -2.035 2159 | 11.618| 13484| 13999| 13572| 13.005| 12137
4453 -9.291 -1.795 1907 | 10418| 11949 12180 11.742| 11.194| 10413
4454 -10.703 -2.052 2226 | 11.689| 13.609| 14.088| 13.614| 13.015| 12121
4455 -9.114 -1.762 1.835 9668 | 11.314| 11.691| 11.295| 10.785| 10.029
4456 -10.007 -1.944 2067 | 10.843| 12547| 12761| 12269| 11649| 10.765
4457 -10.687 -2.049 2258 | 11.761| 13664 | 14176| 13.762| 13195| 12312
4458 -10.447 -2.035 2184 | 11.476| 13424| 13571| 12922 12187 11.203
4459 -10.949 -2.130 2277 | 12.051| 14.009| 14.816| 14441 13924| 13.096
4462 -10.493 -2.073 2272 | 11.808| 13550 | 13743| 13.243| 12653| 11.790
4463 -8.040 -1.603 1.705 8894 | 10253 | 10.449| 10.055 9.586 8.906
4486 -10.542 -2.010 2228 11513| 13.390| 14.035| 13636| 13102 12255
4487 -10.311 -1.994 2167 | 11.238| 13.028| 13552| 13.114| 12561| 11.719
4488 -10.619 -2.064 2232 | 11545| 13549 | 14278| 13912 13400| 12565
4489 -11.037 2111 2217 | 12178 | 14.191| 14636| 14.164| 13574 12674
4490 -11.496 -2.238 2413 | 12562 | 14685| 15298| 14.826| 14.218| 13.286
4491 -11.185 -2.151 2317 | 12241| 14282 14822| 14338| 13721 12.790
4492 -11.407 -2.174 2378 | 12591 | 14.727| 15307| 14.839| 14228 13.280
4493 -10.858 -2.110 2288 | 11.779| 13.816| 14.455| 14.032| 13469| 12587
min. -11.496 -1.603 1.686 8894 | 10253 | 10.449] 10.055 9.586 8.906
max. -8.040 -2.238 2413 | 12591 | 14.727| 15307| 14.839| 14228 13.286

3.1.1. Corrdations in the Fixed-Point Deviation Data

The same data contained in Table 4 are shown graphically in Figure 4, except that the e-H,VP,; and
e-H,V P, data have been omitted for clarity. Here the DW(Tgaup) Values are plotted on the abscissa,
and all other DW(Tgo) values are plotted on the ordinate. The origin of the plot represents values
equivalent to the reference function. The linear trends that are shown in Figure 4 have ordinate
intercepts that are near this origin. This feature would be expected for platinum of comparable
purity to that used in the SPRTs upon which the reference functions are based. The high degree of
correlation in the deviations between all of the fixed points is aso evident. This correlation is an
indication of the uniformity in the starting material, in this case the platinum bars used to draw the
wire for the SPRT elements, as well as the uniformity of the annealing process used for the
elements after they have been formed. Furthermore, a linear correlation should always be expected
for high-purity-metal resistivity data of this type as long as the basic mechanisms responsible for
the electron scattering obey, or at least approximate, Matthiessen’s rule. Similar linear relationships
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in correlation plots have been found in historical studies®® of high purity platinum and modeled as
specific forms of deviationsfrom Matthiessen’srule.

The correlation plot of the DW(Tgre) Values versus the DW(Tgavr) Values is shown in Figure 5 on
two different scales. The larger-scale plot is illustrative of the purity of the SRM 1750 platinum
relative to the ITS-90 criterion for the W values of those two fixed points. In general, al SPRTs
suitable for the ITS-90 will have deviations on a plot of this type which lie within a diagonal band
approximately 1 10 (2.5 mK) in width running between the origin and the intersection of the
criterion lines. The fact that the SRM 1750 SPRTs are distributed relatively close together and
closer to the origin (reference function) is again a measure of their relatively high purity and
uniformity of platinum. The fine-scale insert plot of figure 5 shows the same data with NIST
estimated uncertainties?®*” as confidence-limit bars (see section 3.2 below).

The six lowest temperature fixed-point deviations are shown in Figures 6a through 6f, again plotted
as correlations with the DW(Tgavp) deviations. The linear least-squares fits are included to help
clarify the genera trend of the data in the presence of small amounts of sample-to-sample variation.
Despite this sample dependent variation, the overall limits of the deviation distributions
(maximum-minimum) remains relatively constant among these lower temperature fixed points. The
linear fit is shown in equation form on each plot. The size of the bounds on the data shown in each
plot is+2s, where s, is the standard deviation in the residuals of each fit as expressed in equivalent
temperature units.

It isillustrative to plot some of these same data already presented in terms of equivalent deviations
in temperature rather than resistance ratio. Figure 7 is another deviation plot of DW(Tgg) values on a
logarithmic scale versus DW(Tgavp) ON alinear scale except that all deviations are now converted to
temperature differences and expressed in mK. In this plot the deviations now appear more
rationally ordered and are roughly proportional to the inverse temperature.

Finally, Table 5 lists a summary of al the statistical parameters derived from the correlation plots.
The linear fits shown in the correlation plots are derived according to aleast-squares method. These
fits are parameterized according to the general linear fit formula

DW(X) = mDW(GaMP) + D, , 9)

where X represents the particular fixed point of interest. The slope m has an associated standard
deviation s, and the intercept Dy has an associated standard deviation sp for each correlated pair
of fixed points. In addition, the standard deviation s, of the residuals in DW(X) for each fit are
tabulated both as dimensionless deviations (/10™) and as the temperature deviation equivalents in
units of mK.
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Figure 4. The deviations for the SRM 1750 population at the fixed-point temperatures for the e-H, TP, Ne
TP, O, TP, Ar TP, Hg TP, and In FP versus that for the Ga MP.
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Figure 5. The deviations for SRM 1750 at the Hg TP versus the Ga MP shown on a scale which includes the
cutoff limits specified by the ITS-90, “ITS-90 Criteria.” The inset plot is the same data with a smaller scale.
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Figure 6a. The correlation plot for the deviations at the Ar TP versus the Ga MP. The centra curve is a

simple linear least-squares fit. The dotted lines are the symmetric bounds on the data about the linear fit with
the size of the bound indicated as an equivalent temperature difference.
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Figure 6b. The correlation plot for the deviations at the O, TP versus the Ga MP. The central curve is a
simple linear least-squares fit. The dotted lines are the symmetric bounds on the data about the linear fit with
the size of the bound indicated as an equivaent temperature difference.
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Figure 6c¢. The correlation plot for the deviations at the Ne TP versus the Ga MP. The central curve is asimple linear

least-squares fit. The dotted lines are the symmetric bounds on the data about the linear fit with the size of the bound
indicated as an equivalent temperature difference.
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Figure 6d. The correlation plot for the deviations at the e-H, VP, versus the Ga MP. The central curve is a smple
linear least-squares fit. The dotted lines are the symmetric bounds on the data about the linear fit with the size of the
bound indicated as an equivalent temperature difference.
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Figure 6e. The correlation plot for the deviations at the e-H, VP; versus the Ga MP. The central curve is a smple

linear least-squares fit. The dotted lines are the symmetric bounds on the data about the linear fit with the size of the
bound indicated as an equivalent temperature difference.
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Figure 6f. The correlation plot for the deviations at the e-H, TP versus the Ga MP. The central curve is asimple linear

least-squares fit. The dotted lines are the symmetric bounds on the data about the linear fit with the size of the bound
indicated as an equivalent temperature difference.
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Figure 7. The deviation for the e-H, TP, e-H, VP, , e-H, VP, , Ne TP, O, TP, Ar TP, and Hg TP versus that
for the Ga MP with the scales converted to equivalent temperature in mK.

Table 5. The statistical parameters for the linear fits shown in the Ga MP correlation plots of Figures 6a to

6f, and Figure 14.

slope intercept residuals
Fixed Point m Sm Do/ 10° sp/ 10° s,/ 10° s,/ mK
In FP 5.46 0.16 0.61 0.32 0.112 0.28
Hg TP -1.225 0.057 -0.31 0.11 0.040 0.10
Ar TP -6.06 0.22 -0.80 0.44 0.155 0.36
O, TP -7.32 0.22 -1.45 0.44 0.154 0.40
NeTP -8.01 0.31 -2.38 0.62 0.217 1.77
e-H, VP, -7.91 0.37 -2.64 0.74 0.257 342
e-H, VP, -7.72 0.42 -2.84 0.83 0.292 6.37
eH, TP -7.34 0.45 -2.93 0.91 0.317 13.20

3.1.2. Deviation Functions

The individual deviation functions DW(W(T¢)) are shown in Figure 8 for the entire range of W(Tg()
values spanned by the calibrations. The curves shown are the solutions to equation 7 and equation
8 for both batches of the SRM 1750 SPRTs. The complete set of fixed-point deviation data in the
lower range is shown as a function of temperature in Figure 9.
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3.2. Uncertainties

The NIST assessment of uncertainties in the 1ITS-90 calibration of a thermometer involves the
decomposition of uncertainty into Type A and Type B components. The Type A component, s, isa
combined uncertainty from standard deviations of only those measurements under direct statistical
process control. The Type B components, u;, are the estimated standard uncertainties for each
known component in the measurement process that are not directly measured.**3 |n addition,
uncertainties are described by a coverage factor, k, which allows an estimated uncertainty of the
measurements to be expanded to a specific level of confidence. The resulting expanded uncertainty,
when quoted with a coverage factor of k= 2 gives a level of confidence in the measurement of
approximately 95 % when the degrees of freedom n250, as is consistent with international
practice.

The uncertainties reported here do not include any estimates for: 1) the uncertainties that may exist
in the possible different realizations of the ITS-90 between national standards laboratories in other
countries and NIST; 2) the non-uniqueness of the ITS-90; 3) any effects that may be introduced by
transportation of the thermometer between NIST and the user's laboratory; 4) long-term drift of the
thermometer and; 5) any measurement uncertainties that exist in the user's laboratory.

3.2.1. Expanded Uncertainty

The Type A and Type B uncertainties at each of the SPRT calibration points are combined in
guadrature and expanded by the coverage factor, k, to form the expanded uncertainty given by

U; © kqyfs®+U3 . (10)

NIST expanded uncertainties are quoted with a coverage factor of k=2 unless stated otherwise.
Table 6 lists the values of Ut in mK according to equation 10 for al of the ITS-90 calibration
points relevant to SRM 1750. The values quoted from the Ar TP and higher are the latest estimates
of uncertainty incorporating the most recent fixed-point material now in use at NIST. The estimates
given here for some of the low-temperature comparison points are dlightly larger than values given
in reference [29] due to additional information on reference thermometer agreement obtained since
the preparation of that earlier report.
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Table 6. NIST expanded uncertainties for SRM 1750.

Calibration Point Tgo (K) Expanded Uncertainty, Ut (mK)
e-H, TP 13.8033 0.25
e-H, VP! 17.0 0.19
e-H, VP! 20.3 0.17

Ne TP 24,5561 0.31
0, TP 54.3584 0.14
Ar TP 83.8058 0.21
Ar TP 83.8058 0.15
Hg TP 234.3156 0.20
H,O TP 273.16 0.04
GaMP 302.9146 0.04

In FP 429.7485 0.32

T Comparison Calibration

3.2.2. Total Calibration Uncertainty

The total calibration uncertainty at any temperature within any temperature sub-range is determined
from the expanded uncertainties as propagated from each of the relevant defining fixed points. The
uncertainty propagated from each defining fixed point is calculated by assuming the appropriate
uncertainty at that fixed point but with no uncertainty at the other fixed points, and determining
mathematically how that uncertainty propagates. The total uncertainty from a calibration is then
determined in part by calculating the root-sum-square (RSS) uncertainty arising from all of the
defining fixed points used in that calibration. Figures 10 and 11 show uncertainty propagation
curves for the two ITS-90 temperature sub-ranges relevant to SRM 1750, using the uncertainties of
the fixed points given in Table 6. The thick line represents the RSS uncertainty for the sub-ranges
based on those uncertainties.

The propagated-uncertainty curve for the triple point of water (H,O TP) (assuming 0.1 mK
uncertainty at the H,O TP), as shown in Figure 12, is the uncertainty incurred by the user, not an
uncertainty in the NIST calibration. During the NIST calibration of a thermometer, any uncertainty
from a measurement at the H,O TP is incorporated into the definition of W(Tgg). |If the uncertainty
made by the user at the H,O TP is not 0.1 mK, a corrected propagated uncertainty at any
temperature can be calculated by using the appropriate multiplicative factor.
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Figure 10. These curves show the uncertainties as propagated over the range 13.8 K to 273.16 K from the
uncertainties for the calibration of SRM 1750 SPRTSs (see Table 6) for each of the calibration fixed points
within that range. The individual fixed-point uncertainty curves are added in quadrature to form the curve
labeled “RSS’ with only one (positive) sign shown in the figure which represents the total calibration
uncertainty as reported by NIST.
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Figure 12. A separate uncertainty propagation curve for the triple point of water is shown to illustrate the cal culation of
the user’ s uncertainty if a user’s measurement uncertainty at the triple point of water is 0.1 mK.
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3.3. Supplementary Data

In addition to the data shown above for the 10 fixed-point temperatures, a number of supplementary
data points were also obtained for SRM 1750. These data were obtained by comparison methods
and include measurements of the resistance ratio at temperatures intermediate to some of the fixed-
point temperatures (between 13.8 K and 83.8 K), as well as data below the lower temperature limit
of the normal calibration (13.8033 K). The exact temperatures included for the supplementary data
are somewhat variable, and the coverage is not entirely complete, depending on from which
comparison batch the data were derived. Table 7 gives a breakdown of all the supplementary data
for each SPRT in the SRM 1750 by serial number.

Table 7. Supplementary data point temperatures (in kelvin) for the 20 SPRTs of the SRM 1750.

Serial Below 13.8K 17.0K 203Kto | 24.56K to54.36 K 54.36 K t0 83.8 K

no. 13.8K t017.0K | t020.3K | 24.56 K

4450 42211 153946 | 18.6892 | 22.6002 Ya Ya 61.7000 | 69.1006 | 77.3997
4451 4.2211 153946 | 18.6892 | 22.6002 Ya 39.4561 | 61.7000 | 69.1006 | 77.3997
4452 4.2211 153946 | 18.6892 | 22.6002 Yy 39.4561 | 61.7000 | 69.1006 | 77.3997
4453 4.2211 153946 | 18.6892 | 22.6002 Ya 39.4561 | 61.7000 | 69.1006 | 77.3997
4454 4.2211 153946 | 18.6892 | 22.6002 Ya 39.4561 | 61.7000 | 69.1006 | 77.3997
4455 4.2211 153946 | 18.6892 | 22.6002 Ya 39.4561 | 61.7000 | 69.1006 | 77.3997
4456 4.2211 153946 | 18.6892 | 22.6002 Ya 39.4561 | 61.7000 | 69.1006 | 77.3997
4457 4.2211 153946 | 18.6892 | 22.6002 Yy 39.4561 | 61.7000 | 69.1006 | 77.3997
4458 42211 153946 | 18.6892 | 22.6002 Ya 394561 | 61.7000 | 69.1006 | 77.3997
4459 4.2211 153946 | 18.6892 | 22.6002 Ya 394561 | 61.7000 | 69.1006 | 77.3997

4462 4.2209 153936 | 18.6887 | 225995 | 31.9969 | 39.4578 | 61.7001 | 69.0996 | 77.3985
4463 4.2209 153936 | 18.6887 | 225995 | 31.9969 | 39.4578 | 61.7001 | 69.0996 | 77.3985
4486 4.2209 153936 | 18.6887 | 225995 | 31.9969 | 39.4578 | 61.7001 | 69.0996 | 77.3985
4487 4.2209 153936 | 18.6887 | 225995 | 31.9969 | 39.4578 | 61.7001 | 69.0996 | 77.3985
4488 4.2212 153936 | 18.6887 | 225995 | 31.9969 | 39.4578 | 61.7001 | 69.0996 | 77.3985
4489 4.2209 153936 | 18.6887 | 22.5995 | 31.9969 | 39.4578 | 61.7001 | 69.0996 | 77.3985
4490 4.2209 153936 | 18.6887 | 225995 | 31.9969 | 39.4578 | 61.7001 | 69.0996 | 77.3985
4491 4.2209 153936 | 18.6887 | 225995 | 31.9969 | 39.4578 | 61.7001 | 69.0996 | 77.3985
4492 4.2209 153936 | 18.6887 | 225995 | 31.9969 | 39.4578 | 61.7001 | 69.0996 | 77.3985
4493 4.2209 153936 | 18.6887 | 22.5995 | 31.9969 | 394578 | 61.7001 | 69.0996 | 77.3985

Temperatures below 13.8 K were determined by the reference RIRT (/n B-174) and check RIRT
(n B-168) which were originaly calibrated at NIST in 1995 according to the “He vapor
pressure definition of the ITS90. The estimated uncertainty on the comparison measurements of
SRM 1750 SPRTs at 4.221 K was approximately 0.1 mK. All other supplementary data were
obtained using the same reference thermometers and associated uncertainties as already described
in sections 2.2 and 3.2.

3.3.1 Interpolation Characteristics (13.8 K to 83.8 K)

The accuracy of interpolation of temperatures between the fixed-point temperatures can be tested
directly by performing comparison measurements of the SRM 1750 SPRTs at a set of such
intermediate points. The deviation that is predicted for each SPRT on the basis of the reference
thermometer temperature and the SPRT’s individual deviation equations can then be compared
with the actual measured deviation at those intermediate temperatures.

Figure 13a shows a plot from 13.8 K to 90 K of the difference between the predicted and the
measured deviations for the first batch of the SRM 1750 SPRTs. The data include two additional
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check SPRTs (1842385 and 1812279) as well as two check RIRTs (B174 and B168). Figure 13b
shows a plot from 13.8 K to 90 K of the difference between the predicted and the measured
deviations for the second comparison batch of the SRM 1750 including two additional check
SPRTs (1812282 and 1812284) as well as two check RIRTs (B174 and B168). The plots show all
the comparison data at intermediate temperatures as well as at the Ar TP. At the fixed-point
temperatures from the O, TP and below, however, only the check thermometers are shown because
the SRM 1750 comparison data will by definition agree with the reference thermometer at these
points. The comparison data at the Ar TP is with respect to the independent fixed-point data. The
broad black lines represent the k=2 limits of uncertainty for the comparison measurements. These
limits are somewhat larger than the limits on the actual calibration of the SRM 1750 SPRTs as
shown in Figure 10 due to additional uncertainties imposed on the comparison data at 83.8 K and to
an additional uncertainty on the reference thermometer’s calibration at the Hg TP and Ar TP. These
additional contributions to the comparison uncertainty affect only the accuracy of the comparison
with the reference thermometer at the intermediate temperatures and do not affect the accuracy of
the SRM 1750 calibrations.
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Figure 13a. The difference between the “as calibrated” deviation predicted by 10 individua SRM 1750
calibrations and the observed deviation according the NIST reference thermometer over the range 13.8 K to
83.8 K. The black line curves (“RSS’) are the comparison uncertainty bounds k=2) for the intermediate
temperatures of the supplementary data from the first comparison batch of the SRM 1750.
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3.3.2 Non-Unigueness (302.9146 K)

The GaMP isincluded in al NIST SPRT calibrations above 273.16 K regardless of whether or not
it is required for the particular ITS-90 sub-range. This fixed point is then considered as redundant
as far as the calibration is concerned and can be used instead as a checkpoint for sub-range
inconsistencies.*™® These inconsistencies are also referred to as “type | non-uniqueness’™ in the
scale. For the sub-range 10 (273.15 K to 429.7485 K), the calibration coefficient ay is calculated
based on the W(T,zp) value only. The Ga MP, however, is within this range of temperatures and is
defined by the ITS-90 to be 302.9146 K. The agreement between the deviation for an SPRT at
302.9146 K as predicted from the sub-range 10 calibration and that determined via a Ga TP
realization, is therefore a measure of this type | non-uniqueness.

For the SRM 1750 SPRTS, this degree of non-uniqueness is practically insignificant. This can be
illustrated via the correlation plot shown in figure 14. Here the deviations observed at the In FP are
plotted versus those observed at the Ga MP. The linear fit to the complete data is shown aong with
another fit to the points as predicted by the sub-range 10 (In FP) calibration alone. While it is
possible to distinguish these two lines, their difference is not statistically significant. In addition, no
SPRT in the SRM 1750 sample population exhibits a disagreement of this type greater than
0.12 mK at 302.9146 K. This disagreement is not completely due to non-uniqueness, however,
because there is approximately 0.06 mK calibration uncertainty (see Figure 11) at 303 K as
propagated from the In FP.
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Figure 14. The correlation plot of the In FP and Ga MP as measured for the SRM 1750 population sample.
The lighter line is a fit to the complete data (shown in equation form), and the darker line is afit using the
sub-range 10 calibration only (see text).
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3.3.3. Residual Resistance Ratios (4.221 K)

Supplementary resistance ratio data at or very near the normal boiling point of liquid *He (*He
NBP) is of interest from the point of view of characterizing the purity of any nearly pure metal.
Historically, the term “residual resistivity ratio,” or “RRR"P¥ has been used to denote the
following ratio of ametal’s electrical resistivity r (T),

r (273.15 K)

RRR © :
r (4.22 K)

(11)

however, the exact temperatures used have not always been precisely reported and/or entirely
consistent. The RRR is usually calculated by taking the ssimple ratio of measured resistances with
the assumption that the specific shape factors cancel in the ratio, leaving only a bulk resistivity
ratio. The other inherent assumption made is that the temperature of 4.2 K is low enough to
measure the true residual term in the resistivity, which is meant to be a purely temperature-
independent term, dependent only on the impurity concentration of the individual sample. This
assumption is true only if R(4.22 K) = R(0 K), which is generally satisfied for sufficiently high
impurity concentrations. For very high purity material (low impurity concentration), however, such
as the platinum in the SRM 1750, this is not necessarily the case. In fact, previous measurements at
NIST!®! on platinum of comparable purity to the SRM 1750, have indicated that the true RRR,
when derived from measurements close to 1 K, can be as much as 8 % higher than what would be
otherwise inferred from the definition given in equation 11.

The raw measurements reported here at 4.221 K are parameterized in the same basic manner asis
done for the other fixed-point temperatures, namely, W(4.221 K) is calculated according to
equation 1. However, the deviation DW(4.221 K) must be calculated in a different manner from that
of other fixed points. This is because the ITS90 reference function W/(Too) is essentially
meaningless for temperatures below 13.8 K and returns an absurdly low value of approximately
1.25x10%" at 4.221 K. Rather, for the purposes of the presentation of the data here, we adopt a
“conventional value’ for W,(Tgg) ® W (4.221 K) = 0.000348. This conventional value is based on
datal®® from the same capsule SPRT (s/n 217894) at NPL that was chosen as the basis of the
ITS-90 reference function between 13.8033 K and 273.16 K.*" Data are then presented in terms of
the conventional deviations DW*(4.221 K)° W(4.221 K)- Wx (4.221 K)=W4.221 K)-0.000348.

For the purposes of comparison of the SRM 1750 platinum to historical data on other samples of
platinum found in the literature, we calculate the RRR starting from the definition of equation 11,
and use the following approximation,

rRR @ (273.15K) _ 0.9999601

W(4.221K) ~ W(4.221K)’ (12)

which accounts for the 10 mK difference between the ice point and triple point of water. This
approximation assumes that R(4.22 K)=R(4.221 K)=R(4.222 K), or that the difference is negligible.
The resulting data for the SRM 1750 SPRTs from data obtained at 4.221 K are givenin Table 8.
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Table 8. Theresidual ratio data at 4.221 K as parameterized in three different ways (see text).

Serial no. W(4.221 K) DW* (4.221 K)/ 10° RRR
4450 0.00043249 8.449 2312
4451 0.00045960 11.160 2176
4452 0.00045415 10.615 2202
4453 0.00044288 9.488 2258
4454 0.00045323 10.523 2206
4455 0.00043541 8.741 2297
4456 0.00044387 9.587 2253
4457 0.00045544 10.744 2196
4458 0.00044384 9.589 2253
4459 0.00046285 11.485 2160
4462 0.00045432 10.632 2201
4463 0.00043037 8.237 2324
4486 0.00045452 10.652 2200
4487 0.00045028 10.228 2221
4488 0.00045774 10.974 2185
4489 0.00045819 11.019 2182
4490 0.00046376 11.576 2156
4491 0.00045960 11.160 2176
4492 0.00046329 11.529 2158
4493 0.00045717 10.917 2187

The degree of purity and absence of strain for each individual sample (SPRT) of SRM 1750 is then
most easily accessed by inspection of the RRR valuesin Table 8. The highest RRR value of 2324 is
only 7 % higher than the lowest value of 2156, which again is an indication of the relative
uniformity of the SRM as a population. By contrast, the RRR for the NPL capsule SPRT (s/n
217894) mentioned above is approximately 2873, but this was perhaps the highest-purity sample of
platinum wire of small (d<0.1 mm) diameter ever produced for any capsule-type SPRT. The
expanded uncertainty in W(4.221 K) is 1.1" 107 or approximately 0.025 % for the SRM 1750.

3.3.4. Low-Temperature Correlations

The data at 4.221 K are also suitable to illustrate another set of resistance ratio correlations that
exist for the SRM 1750 platinum. These correlations are derived from the same fixed-point
temperature deviations presented already in section 3.1, but now with the DW(4.221 K) values
treated as the independent variable. These correlations are expected to be at least partialy
independent of those presented earlier using the Ga MP, as the mechanisms responsible for electron
scattering in the low-temperature limit are dominated by impurities and other lattice defects.
Figures 15a through 15f are the correlation plots of the deviations observed for SRM 1750 at the
lowest six fixed points of eH, TP, e-H, VP, e-H, VP,, Ne TP, O, TP, and Ar TP respectively, to
their observed deviations at 4.221 K.

Several general features can be seen in these low-temperature correlation plots. First, an overall
linear trend is evident in al the plots, with some significant sample-to-sample departures from the
linear fit. These sample dependent variations are bounded for the SRM 1750 population according
to the limits shown on each of the figures, converted to their equivalent values in mK. These limits
are set by =2s, for the residuals of the fits and are relatively constant for these lowest six fixed-
point temperatures when expressed as pure (dimensionless) deviations. being approximately (0.3 to
0.2) ~ 10° for the temperature range studied. When expressed as equivalent temperature variations,
the lowest temperatures appear to have wider limits for these variations, due to the rapidly
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decreasing value of dW/dT with decreasing temperature below about 30 K. When these sample
variations are compared to the analogous variations shown in Figures 6, showing the correlations
with the Ga MP, it is evident that these low-temperature fixed points are equally well or better
correlated with the “He NBP deviations in the case of the e-H, TP, e-H, VVP;, and e-H, VVP,, but less
so for the Ne TP and other higher-temperature fixed points. This should be expected to be the case
simply due to the relative proximity of the respective temperatures, and to the increasing relative
importance of the impurity scattering mechanism as temperature decreases. The linear fits shown in
the Figure 15 series of correlation plots for the “He NBP are summarized in Table 9 in manner
exactly analogous to that of Table 5 for the case of the Ga MP correlations.

Overdl, the SRM 1750, as a sample population of platinum, exhibits correlations over the entire
range of calibration as well as into a range of temperatures below 13.8 K. Deviation data from any
one of the fixed-point temperatures for the SRM 1750 will in fact show a correlation with data from
any of the other temperatures. The choice made in this analysis, to parameterize all such
correlations in terms of only the two independent variables (Ga MP and “He NBP). is based
partially on convenience and partialy on the relatively low uncertainties that are placed on the data
at those two fixed points. Moreover, the two temperatures (302.9 K and 4.221 K ) are far enough
apart that they serve to best separate the two predominate mechanisms, point defects and lattice
vibrations, which are known to be responsible for the observed resistivity over the temperature
range studied.
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Figure 15a. The correlation plot for the deviations at the Ar TP versus the “He NBP. The central curve is a
simple linear least-squares fit. The dotted lines are the symmetric bounds on the data about the linear fit with
the size of the bound indicated as an equivalent temperature difference in mK.
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Figure 15b. The correlation plot for the deviations at the O, TP versus the “He NBP. The centra curve is a
simple linear least-squares fit. The dotted lines are the symmetric bounds on the data about the linear fit with
the size of the bound indicated as an equivalent temperature difference in mK.
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Figure 15c. The correlation plot for the deviations at the Ne TP versus the “He NBP. The central curveisa
simple linear least-squares fit. The dotted lines are the symmetric bounds on the data about the linear fit with
the size of the bound indicated as an equivalent temperature difference in mK.
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Figure 15d. The correlation plot for the deviations at the e-H, VP, (20.2714 K) versus the “He NBP. The
central curve is asimple linear least-squares fit. The dotted lines are the symmetric bounds on the data about
the linear fit with the size of the bound indicated as an equivalent temperature difference in mK.
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Figure 15e. The correlation plot for the deviations at the e-H, VP, (17.036 K) versus the “He NBP. The
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simple linear least-squares fit. The dotted lines are the symmetric bounds on the data about the linear fit with
the size of the bound indicated as an equivalent temperature difference in mK.

Table 9. The statistical parameters for the linear fits shown in the “He NBP correlation plots of Figures 15a
to 15f.

slope intercept Residuals
Fixed Point m Sm Do/ 10° sp/ 10° s, /107 s,/ mK
ArTP 0.959 0.066 1.41 0.69 0.287 0.66
O, TP 1.154 0.079 1.26 0.83 0.342 0.88
NeTP 1.288 0.070 0.31 0.73 0.303 2.46
e-H, VP, 1.287 0.062 -0.13 0.65 0.267 3.55
e-H, VP, 1.270 0.055 -0.52 0.57 0.237 5.18
e-H, TP 1.220 0.047 -0.86 0.49 0.202 8.40
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4. SUMMARY

The SRM 1750 is both a sample population of high-purity platinum wire elements as well as a
collection of highly accurate reference thermometers calibrated according to the definitions of the
ITS-90. The population has resistance characteristics which are both highly uniform and highly
correlated over the entire range of temperatures studied. The SRM 1750 W(Hg TP) and W(Ga MP)
values significantly exceed the ITS-90 criterion for acceptance as a defining instrument of the
scale.

The starting material for the platinum wire elements is know to be 99.999 % pure, but the actua
purity obtained in the final SPRT units is expected to be dightly lower. Based on the residual
resistivity ratio data, the actual impurity concentrations within the platinum wire elements probably
vary only on the order of 7 % throughout the SRM 1750 sample population. The lowest RRR
observed for the SRM 1750 was only 25 % smaller than that of the reference function SPRT.

Each individual unit of the SRM is fully certified by NIST as suitable to serve as a defining
instrument of the ITS90 and is calibrated at the highest accuracy level available at NIST. All
certified values are determined by reference to 1TS-90 defined fixed points and the ITS-90 SPRT
reference function. The values which are NIST certified are the deviation function coefficients of
each individual SPRT for sub-range 1 and sub-range 10 on the ITS-90. These coefficients form the
SPRT calibration for use at either 1 mA or 2 mA excitation current or by extrapolation to 0 mA.

Each unit of SRM 1750 is provided with a glass adapter probe for use in suitable fixed-point cells
at temperatures between 83.8 K and 430 K. The user can then periodically check the SPRT in a
H,O TP cell using the same probe adapter in which it was originally calibrated, in order to maintain
the highest quality assurance.
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