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ForeEworD

This document replaces the earlier document of
1983 "Supplementary Information for the IPTS-68 and the EPT-76". It
differs from the earlier one not only in being related to another, and
radically different, temperature scale, but in having taken account of a
number of advances in thermometry that have been developed in the
intervening seven years. Such advances may be expected to continue, and
to take account of these new editions of this document will be generated
at suitable intervals ; at present these intervals are envisaged as being in

the range of five to ten years.

As was the case for the companion document, "Techniques for
Approximating the ITS-90" and for the ITS-90 itself, this document has
been prepared by the members of the Comité Consultatif de Thermométrie
(CCT). Members of the Working Group of the CCT who assembled the
material, and who are listed below, would like to record their very great
appreciation of the continual assistance they have received from their
colleagues on the Committee. As is usually the case in such matters there
have been many sources of information, but the selection has been by the
Working Group who are responsible for any infelicities or errors of

omission or commission that remain.
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1. INTRODUCTION
1.1 ScorE

From 1927 to 1975, the various international temperature scales
have incorporated a moderate amount of supplementary information
concerning their practical realization. However, limitations of space
prevented this supplementary information’s being exhaustive, while the
lengthy periods, ranging from seven to twenty-one years, between scale
editions allowed much of it to become outdated. The low temperature
scale of 1976 (EPT-76)1'1 provided no such information ; this information
was instead given, in a more extensive and comprehensive form, and for
both the EPT-76 and the IPTS-68, in a separate document. The first
edition of such a document, "Supplementary Information for the IPTS-68
and the EPT-76" was published in 1983. This present, second, edition of
the "Supplementary Information" has been prepared for ITS-90 by Working
Group 1 of the CCT and approved by the CCT (the English version of the
ITS-90 is reproduced here as Appendix 1).

This document describes methods by which the ITS-90 can be
realised successfully. However, it should not be taken as laying down
how it must be done. The description of any particular apparatus is more
for illustration than prescription, and considerable variations can often be
effective. Likewise, quoted numerical data and dimensions are mostly for
guidance only. Methods of realizing the Scale will continue to evolve, and

this will be reflected in periodic revisions of this text.

1.2 HistoricAL BACKGROUND

The ITS-90 [CIPM 1989, Preston-Thomas (1990)] has evolved from a
series of earlier international temperature scales. These were formulated
so as to allow measurements of temperature to be made precisely and
reproducibly and with temperatures measured on these scales being as
close an approximation as possible to the corresponding thermodynamic
temperatures. A full description of these scales together with a historical

review can be found in, for example, Quinn (1990); a brief description,

1.1 The extended form of this and other abbreviations is given in Appendix 2.



particularly including the changes introduced between scales and between

editions, is as follows:

1.2.1 NormAaL HYDROGEN ScALE

The normal hydrogen scale was adopted by the CIPM at its sixth
session [CIPM (1887)] and was subsequently approved by the first
Conférence Générale des Poids et Mesures [CGPM (1889)]. This
temperature scale had been developed by Chappuis in the laboratories of
the Bureau International des Poids et Mesures (BIPM); it was based on
gas thermometer measurements using the ice and steam points of 0 °C
and 100 °C as fixed points, and was transferred to mercury-in-glass
thermometers for distribution to other laboratories. At that time the
temperature range of this scale was from -25 to +100 degrees
centigrade,l'2 a range that was gradually extended in subsequent years.
In 1913, the fifth Conférence Générale approved the use of gases other
than hydrogen, and expressed its readiness to substitute thermodynamic
temperatures in place of the Normal Hydrogen Scale as soon as that

became practicable.

1.2.2 ITS-27

The seventh Conférence Générale adopted provisionally, pending the
acquisition of better thermodynamic data, the International Temperature
Scale of 1927 [CGPM (1927)]. The ITS-27 was based upon a number of
reproducible temperatures, or fixed points, to which numerical values
were assigned, and three standard instruments, each of the instruments
being calibrated at one or more of the fixed points ; the calibrations gave
the constants for the formulae that defined temperatures in the various
temperature ranges. A platinum resistance thermometer was used for the

lowest, a platinum 10% rhodium-platinum (Pt-10% Rh—Pt)l‘3 thermocouple

1.2 The Conférence Générale of 1889 also endorsed the name centigrade. In 1948, the ninth
Conférence Générale requested the CIPM to select one name from the three suggestions of
centigrade, centesimal and celsius: acting on the CIPM’s advice, that Conference then
adopted the name Celsius.

1.3 Percentages are by weight.



for the middle, and an optical pyrometer for the highest temperature
rangel,

The fixed points for the platinum resistance thermometer range
were the melting point of ice (0,000 °C) and the boiling points of oxygen,
water and sulphur then defined as being —182,97 °C, 100,000 °C, and
444,60 °C respectively. The resistance-temperature interpolating formulae
were the Callendar equation (a quadratic) between 0 °C and 660 °C and
the Callendar-van Dusen equation (a quadratic plus a quartic term)
between —190 °C and 0 °C. The permitted range of the constants of these
formulae imposed some degree of quality control in the thermometer
construction.

The fixed points for the Pt-10% Rh-Pt thermocouple range were the
melting points (more precisely, the temperature of equilibrium between
the solid and the liquid phases of the material at normal atmospheric
pressure) of silver and gold, then defined as being 960,5 °C and 1063 °C
respectively, while a third calibration (but not fixed) point was the
freezing point of antimony (= 630,5 °C) as measured by a calibrated
standard platinum resistance thermometer. The emf-temperature
interpolating formula was a quadratic that defined temperatures between
660 °C and 1063 °C; here too, the permitted ranges of the constants
imposed a degree of quality control, this time on the composition of the
thermocouple wires.

It will be appreciated that both the lower and upper limits of the
temperature range assigned to the platinum resistance thermometer were
significant extensions beyond the associated calibration temperatures of
approximately 90 K and 444 °C. One awkward result of the upper
extension was the non-existence of an official freezing temperature for
aluminium! This freezing temperature was extremely close to the assigned
changeover point of 660 °C ; however, it proved to be a little above the
assigned upper limit of the platinum resistance thermometer, yet a little
below the, supposedly identical, lower limit assigned to the platinum
rhodium-platinum thermocouple. At the other end of the resistance
thermometer range it was found that for temperatures significantly below
the lowest calibration temperature, departures from thermodynamic

temperatures were unacceptably high.

1.4 The foregoing description is also applicable to the two immediate successors of the
International Temperature Scale of 1927 (ITS-27), the International Temperature Scale of
1948 (ITS-48) and the International Practical Temperature Scale of 1968 (IPTS-68).



The fixed point for the optical pyrometer was the melting point of
gold, which was used in conjunction with the (approximate) Wien
radiation law &, @D = n'lcl}\'5 exp[ —¢,/AT]) relating spectral concentration
of radiance to temperature. The value assigned to the constant c, was
1,432.102 m.K (c1 disappears in the comparison between the unknown
and the calibration temperatures). Wavelength restrictions were the use
of "visible" monochromatic radiation with AT £ 3 x 10™ m«K. The various
errors arising from the use of the Wien law and from the values assigned
to the gold point and to ¢, were not in general significant for, or even

detectable by, the users of that period.

1.2.3.1 ITS-48

The ninth Conférence Générale adopted the International
Temperature Scale of 1948 [CGPM (1948)]. Changes from the ITS-27 were:
the lower limit of the platinum resistance thermometer range was
changed to the defined oxygen boiling point, and the junction of this range
and the thermocouple range became the measured antimony freezing
point ; the silver freezing point was defined as being 960,8 °C ; the gold
melting became the gold freezing point ; the Wien law was replaced by the
Planck radiation law ; the value assigned to the second radiation constant
became 1,438 x 102 meK ; the permitted ranges for the constants in the
interpolating formulae for the platinum resistance thermometers and
thermocouples were modified ; the limitation on AT for optical pyrometry

was removed.

1.2.3.2 IPTS-48

The eleventh Conférence Générale adopted the International
Practical Temperature Scale of 1948, amended edition of 1960 [CGPM
(1960)]. The modifications to the ITS-48 were : the triple point of water,
which in 1954 had become the sole point defining the unit of
thermodynamic temperature, the kelvin, replaced the melting point of ice
as the calibration point in this region ; the freezing point of zinc, defined
as being 419,505 °C, became a preferred alternative to the sulphur boiling

point as a calibration point ; the permitted ranges of the constants of the



interpolation formulae for the platinum resistance thermometers and the
thermocouples were further modified ; the restriction to "visible" radiation
for optical pyrometry was removed.

Inasmuch as the numerical values of temperature on the ITS-48 were
the same as on the IPTS-48, the latter was not a revision of the scale of

1948 but merely a revision of its text.

1241 IPTS-68

In 1968 the Comité International des Poids et Mesures promulgated
the International Practical Temperature Scale of 1968, having been invited
to do so by the thirteenth Conférence Générale of 1967-68 [CGPM (1967-
68)]. The IPTS-68 incorporated very extensive changes from the IPTS-48.
These included numerical changes, intended to bring it more nearly in
accord with thermodynamic temperatures, that were sufficiently large to
be apparent to many users. Other changes were as follows: the lower
limit of the scale was extended down to 13,81 K; at even lower
temperatures (0,5 K to 5,2 K) the use of a 1958 4He vapour pressure scale
[Brickwedde et al. (1960)] and a 1962 3He vapour pressure scale [Sydoriak
et al. (1964)] were recommended ; six new fixed points were introduced -
the triple point of equilibrium hydrogen (13,81 K), an intermediate
equilibrium-hydrogen vapour-pressure point (17,042 K), the boiling point
of equilibrium hydrogen (20,28 K), the boiling point of neon (27,102 K), the
triple point of oxygen (54,361 K), and the freezing point of tin
(231,9681 °C) which became a permitted alternative to the boiling point of
water ; the boiling point of sulphur was deleted ; the values assigned to
four fixed points were changed - the boiling point of oxygen (90,188 K),
the freezing point of zinc (419,58 °C), the freezing point of silver
(961,93 °C), and the freezing point of gold (1064,43 °C) ; the interpolating
formulae for the resistance thermometer range became very much more
complex ; the value assigned to ¢, became 1,4388 x 102 meK; the
permitted ranges of the constants for the interpolation formulae for the
platinum resistance thermometers and thermocouples were again
modified.



1.2.42 IPTS-68(75)

The International Practical Temperature Scale of 1968, amended
edition of 1975 [CGPM (1975), Preston-Thomas (1976)], was adopted by
the fifteenth Conférence Générale in 1975. As was the case for the IPTS-
48 vis-a-vis the ITS-48, the IPTS-68(75) introduced no numerical changes in
any measured temperature Tsg- Most of the extensive textual changes in
the Scale were intended only to clarify and simplify its use. More
substantive changes were: the condensation point of oxygen replaced,
with no change in numerical value, the boiling point of oxygen ; the triple
point of argon (83,798 K) was introduced as a permitted alternative to the
condensation point of oxygen; the recommendation to use the helium

vapour pressure scales was withdrawn.

1.2.5 EPT-76

The 1976 Provisional 0,5 K to 30 K Temperature Scale, EPT-76 [BIPM
(1979)], was adopted in order to provide an agreed basis for thermometry
in that temperature range. It was intended in particular to provide a
smooth interpolation in place of the erratic interpolation which had been
found in the IPTS-68 below 27 K ; to correct the errors in the 1958 4He
and 1962 3He vapour pressure scales ; and also to bridge the gap between
5,2 K and 13,81 K in which there had not previously been an international
scale. In contrast with the IPTS-68, and to ensure its rapid adoption,
several methods of realizing the EPT-76 were approved. These
included using a thermodynamic interpolation instrument and one or
more of eleven listed reference points (that included five superconducting
transitions) ; taking differences from the IPTS-68 above 13,81 K ; taking
differences from helium vapour pressure scales below 5 K; taking
differences from certain well-established laboratory scales. To the extent
that these methods lacked internal consistency it was admitted that slight
differences between realizations might be introduced. However the
advantages to be gained by adopting the EPT-76 as a working scale until
such time as the IPTS-68 was revised and extended were considered to
outweigh the disadvantages [Durieux et al. (1979) and see also Pfeiffer
and Kaeser (1982)].



1.2.6 ITS-90

The International Temperature Scale of 1990 was adopted by the
CIPM in 1989 [CIPM (1989)] in accordance with the request embodied in
Resolution 7 of the 18th CGPM (1987) and came into effect on 1st of
January 1990. The full text of the ITS-90 is given here in Appendix 1 ; the
following excerpt (the introduction to Section 3 of the text of the ITS-90)
constitutes a brief description:

Between 0,656 K and 5,0 K T,, is defined in terms of the
vapour-pressure temperature relations of *He and *He.

Between 3,0 K and the triple point of neon (24,556 1 K) Ty,
is defined by means of a helium gas thermometer calibrated at three
experimentally realizable temperatures having assigned numerical
values (defining fixed points) and using specified interpolation
procedures.

Between the triple point of equilibrium hydrogen
(13,803 3 K) and the freezing point of silver (961,78 °C) T, is defined
by means of platinum resistance thermometers calibrated at
specified sets of defining fixed points and using specified
interpolation procedures.

Above the freezing point of silver (961,78 °C) Ty, is defined

in terms of a defining fixed point and the Planck radiation law.

The ITS-90 differs from the IPTS-68 in a number of important
respects:
- it extends to lower temperatures, 0,65 K instead of = 13,8 K, and hence
also replaces the EPT-76 from 0,65 K to 30 K,
- it is in closer agreement with thermodynamic temperatures,
- it has improved continuity and precision,
- it has a number of overlapping ranges and sub-ranges, and in certain
ranges it has alternative but substantially-equivalent definitions,
- new versions of the helium vapour-pressure scales are not merely
recommended but are an integral part of the Scale,
- it includes a gas thermometer, calibrated at three fixed points, as one of
the defining instruments,
- the upper limit of the platinum resistance thermometer as defining
instrument has been raised from 630 °C to the silver point (= 962 °C),
- the Pt-10%Rh-Pt thermocouple is no longer a defining instrument of the
Scale, and thus the slope discontinuity which existed in IPTS-68 at 630 °C,



the junction between the platinum resistance thermometer and
thermocouple ranges, has been removed,

- the range based upon the Planck radiation law begins at the silver point
instead of at the gold point, and any one of the silver, gold or copper
points may be selected as the reference point for this part of the Scale.

The design of the ITS-90 is shown schematically in Figure 1.1 and the
list of defining fixed points is given in Table 1.1.

One of the guiding principles in setting up the ITS-90 was that it
should allow the user as much choice in its realization as was compatible
with an accurate and reproducible scale. For this reason the scale
includes many sub-ranges ; within all except one of these T90 is defined
independently of calibration points outside the range1‘5. Thus, if a
platinum resistance thermometer is to be calibrated over the whole of the
low temperature range from = 13,8 K to 273,16 K, all of the eight
calibration points in that range must be used ; if, however, a calibration
only in the range from the argon point (= 84 K) to the triple point of
water is required, then only the three calibration points in this range are
needed, ~ 84 K, = 234 K (Hg triple point) and 273,16 K. Similarly, in the
range above 0 °C, a thermometer may be calibrated from 0 °C to 30 °C
using just the triple point of water and melting point of gallium. This last
range offers the simplest possible way of achieving the highest accuracy
thermometry in the room temperature range ; it allows the user to avoid
the trouble and expense of setting up calibration points at temperatures
outside the range of interest, and in addition it allows the thermometer
itself to be maintained under the best possible conditions by not requiring
it to be heated significantly above the temperature of normal use. The
price that is paid for this useful flexibility in the Scale is the presence of a
certain level of sub-range inconsistency and increased non-uniqueness
compared with a scale having no overlapping ranges or sub-ranges ; this is
discussed in Section 1.3.2, and some current quantitative results are
shown in Figures 1.5 and 1.6.

The estimated uncertainties of the thermodynamic temperatures of
most of the defining fixed points of the ITS-90 are given in Table 1.2

together with the very much smaller uncertainties estimated to be

1.5 The exception is the platinum-resistance-thermometer range extending upwards from the
triple point of neon(= 24,6 K) which calls for a calibration at the triple-point of hydrogen
(= 13,8 K).



currently attainable under the best experimental conditions, in their
realization on the ITS-90 itself.

1.3 NUMERICAL
1.3.1 DiIFFERENCES BETWEEN SCALES

Differences between various international scales are shown
graphically in Figures 1.2, 1.3 and 1.4 and are tabulated in Tables 1.3, 14
and 1.5. Equations providing an analytic realization of the differences
Ty, — Teg and tyo — teg are given in Table 1.6.

The helium vapour-pressure equations for the ITS-90 are those
originally derived for the EPT-76, thus in the range below 4,2 K (omitted
from Table 1.5) the differences Ty, — T,z can be considered to be zero. In
the range from 4,2 K to 24,5561 K the differences Ty — T, are best given
by the relation which was originally adopted for the difference

T

NPL-75 - I7g at the time the EPT-76 was derived, namely

Too — Trg = —5.6 x 100 (1, )% . (1.1
The accuracy of the differences tyo — tgg between 630,6 °C and
1064,18 °C is limited by the accuracy (reproducibility) of the IPTS-68 in
this region (1o = 0,1 K); these differences should therefore be
considered as conventional ones. Because of the slope discontinuity
which existed in IPTS-68 at tzg = 630,74 °C, care must be taken to avoid
spurious effects from data converted from IPTS-68 to ITS-90 in this range.
Above 1064,18 °C Ty, - T,s is given by equation 1.5 of Table 1.6.
The differences given by this equation are wavelength dependent. The
values given in Table 1.5 are those for the domain in which the Wien
equation is a close approximation to the Planck equation and for which
equation 1.5 reduces to a quadratic in temperature. For the temperature
range shown in the table this domain covers practically all of the visible
region of the spectrum and thus the values given apply with negligible
error at wavelengths near 0,65 ym (see Footnote 1.12 to Table 1.5). At a
wavelength of 1 pym and at temperatures above 3000 °C, however, the
values calculated from equation (1.5) of Table 1.6 will differ from those in
the table by upward of about 20 mK.
The differences t,g — ly; are smaller than the imprecision of the
great majority of temperature measurements carried out between those

dates; thus the 1948 change of temperature scale required little or no



retroactive numerical adjustments when comparing pre-1948 with post-
1948 experimental work. In contrast, the differences tes — Lo T76 - T68
and Ty, — T, are substantially larger than the imprecision quoted in the
scientific literature of those periods, and numerical corrections are often
necessary for comparisons of work before and after these transition
dates.

The conversion of IPTS-68 platinum resistance thermometer
calibrations to ITS-90 is not straightforward. There are no simple
analytical relations between the coefficients of ITS-90 and those (e.g. «
and &) of the IPTS-68. Conversion of IPTS calibrations to ITS-90 therefore
consists of calculating the resistance ratios W(Tye) = R(T5)/R(0 °C) at the
IPTS-68 values of the required ITS-90 fixed points, converting the ratios to
W(Tyy = R(Ty,)/R(0,01 °C), by multiplying by 0,9999601 and applying the
appropriate formula and temperature values as specified in the ITS-90.

For the triple points of neon and mercury, the melting point of
gallium and the freezing point of indium, which were not defining fixed
points of the IPTS-68, the values of T,q should be taken as 24,5616 K,
234,3082 K, 302,9219 K and 429,7850 K respectively [Rusby et al. (1990)].
Note that where the IPTS-68 calibration used the condensation point of
oxygen, rather than the triple point of argon, the Tyg value most
appropriately assigned to the argon point may differ slightly from the
value (83,798 K) specified in the IPTS-68. The freezing point of aluminium
lay beyond the range of the platinum resistance thermometer in the IPTS-
68, but on extrapolating the IPTS-68 equations its value was found to be
933,607 K [Bedford et al. (1984)] although this could be in error by 5 mK

or more.

1.3.2 Non-UNiQuENESs AND SuB-RANGE INconsisTENCY oF THE ITS-90

The non-uniqueness of ITS-90 must be considered in each of its
ranges. There is presumptively non-uniqueness in those parts of the Scale
in which there exists more than one definition, more than one
interpolating instrument, or when different individual examples of one of
the designated interpolating instruments are not identical. Thus, the only
range in which there is, in principle, no non-uniqueness is between 0,65 K

and 1,25 K. However, except for the platinum resistance thermometer

10



range, the non-uniqueness is considered to be below the normal
measurement uncertainty.

The non-uniqueness of the ITS-90 found experimentally for a group
of eleven thermometers in the range below 0 °C covered by the platinum
resistance thermometer is illustrated in Figure 1.5. This non-uniqueness,
that shows itself at temperatures between the fixed points, results, apart
from the contribution of experimental error, from those intrinsic
differences between the properties of individual interpolating
thermometers that are not offset by the calibration procedures. Non-
uniquenesses existed for earlier scales, but those in the ITS-90 are to some
extent exacerbated as the result of the existence of overlapping ranges
and sub-ranges. However, they are significantly smaller than those in
IPTS-68 [Mangum et al. (1990)].

In addition to a non-uniqueness there exists also a sub-range
inconsistency of the ITS-90 ; examples are shown in Figure 1.6. Sub-range
inconsistency arises from the possibility of using a single thermometer to
realize certain temperatures in more than one way. The scale has been
designed so that for high quality platinum resistance thermometers the
magnitude of the sub-range inconsistency substantially never exceeds

0,5 mK within their range of normal use.

1.3.3 THE ProPAGATION OF CALIBRATION ERRORS IN THE PLATINUM RESISTANCE
TuERMOMETER RANGE oF THE ITS-90

The effects of 1 mK errors at the calibration points in the platinum
resistance thermometer ranges and sub-ranges of the ITS-90 are shown in
Figure 1.7.16.  For a discussion on the propagation of errors in the
platinum resistance thermometer ranges of ITS-90 see De Groot et al.
(1991).

1.6 For the effects of errors in the range of the interpolating gas thermometer see Section 5
and in that of the radiation thermometer see Section 6.
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TABLES, FIGURES AND REFERENCES

TasLE 1.1

The defining fixed points of the ITS-90.

Number Temperature Sub- State!8 W (T,,)
stancel" T 90
T90/ K 9o/ °C
1 3tob -270,15 to He vp
— 268,15
2 13,8033 —259,3467 e-H, tp 0,001 190 07
3 =17 =~ ~ 256,15 e-H, vp (0,002 296 46)1'g
(orHe)  (or gp)
4 =20,3 = — 252,85 e-H, vp (0,004 235 36)1‘9
(or He)  (or gp)
5 24,6561 —248,5939 Ne tp 0,008 449 74
6 54,3584 —218,7916 O2 tp 0,091 718 04
7 83,8058 —189,3442 Ar tp 0,215 859 75
8 234,3156 -38,8344 Hg tp 0,844 142 11
9 273,16 0,01 H20 tp 1,000 000 00
10 302,9146 29,7646 Ga mp 1,118 138 89
11 429,7485 156,5985 In fp 1,609 801 85
12 505,078 231,928 Sn fp 1,892 797 68
13 692,677 419,527 Zn fp 2,568 917 30
14 933,473 660,323 Al fp 3,376 008 60
15 1234,93 961,78 Ag fp 4,286 420 53
16 1337,33 1064,18 Au fp
17 1357,77 1084,62 Cu fp

1.7 All substances except helium (both 3He and *He are used) are of natural isotopic
composition, e-H2 is hydrogen at the equilibrium concentration of the ortho- and para-
molecular forms.

1.8 For complete definitions and advice on the realization of these various states, see
Section 2. The symbols have the following meaning: vp: vapour pressure point; tp: triple
point (temperature at which the solid, liquid and vapour phases are in equilibrium) ; gp: gas
thermometer point; mp, fp: meiting point, freezing point (temperature, at a pressure of
101 325 Pa, at which the solid and liquid phases are in equilibrium)

1.9 The values corresponding to fixed points numbers 3 and 4 are calculated for

Tgo =17,035 K and Tgo = 20,27 K respectively (see Section 2.3.4).
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TABLE 1.2

Estimates of the (1 0) uncertainty in the values of thermodynamic
temperature ATl, and in the current (1990) best practical realizations AT2
of the defining fixed points of the ITS-90 .

Fixed points Tyo/K AT,/mK AT, /mK
4He vp®@ 4,2221 0,3 0,1
H, tp 13,8033 0,5 0,1
H, vp ~17 0,5 0,2
H, vp ~20,3 0,5 0,2
Ne tp 24,5561 0,5 0,2
0, tp 54,3584 1 0,1
Ar tp 83,8058 1,5 0,1
Hg tp 234,3156 1,5 0,05
H,O tp 273,16 0 0,02
too/°C
Ga mp 29,7646 1 0,05
In fp 156,5985 3 0,1
Sn fp 231,928 5 0,1
Zn fp 419,527 13 0,1
Al fp 660,323 25 0,3
Ag fp 961,78 40 1®) 10©@
Au fp 1 064,18 50 10©
Cu fp 1 084,62 60 15©

(a) ‘He vp: boiling point at a pressure of 101 325 Pa of 4He (not a defining
fixed point of the ITS-90)

(b) for platinum resistance thermometry

(¢) for radiation thermometry

13
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TABLE 1.5

Differences between ITS-90 and EPT-76, and between ITS-90 and IPTS-68
for specified values of Ty, and ty,. See Section 1.3.1. for a note on the
differences above 1064 °C.

(Tyo—Tre)/mK

Too/K 0 1 2 3 4 5 6 7 8 9
0 -0, -0,2 -03 —-04 -0,5
10 —0,6 —-0,7 -08 -1,0 —1,1 -13 —14 -1,6 -1,8 =20
20 —-2,2 -2,5 -2,7 -3,0 -32 -3,5 —-38 —4,1

(Too—Tes)/K

T,o/K 0 1 2 3 4 5 6 7 8 9
10 —0,006 -0,003 —0,004 —0,006 —0,008 —0,009
20 —0,009 —0,008 —0,007 -0,007 —0,006 —0,005 —0,004 —0,004 —0,005 —0,006
30 —0,006 —0,007 —0,008 —0,008 —0,008 —0,007 —0,007 —0,007 —0,006 —0,006
40 —0,006 —0,006 —0,006 —0,006 —0,006 —0,007 —0,007 —0,007 —0,006 —0,006
50 - —0,006 —0,005 —0,005 -0,004 —0,003 —0,002 —0,001 0,000 0,001 0,002
60 0,003 0,003 0,004 0,004 0,005 0,005 0,006 0,006 0,007 0,007
70 0,007 0,007 0,007 0,007 0,007 0,008 0,008 0,008 0,008 0,008
80 0,008 0,008 0,008 0,008 0,008 0,008 0,008 0,008 0,008 0,008
90 0,008 0,008 0,008 0,008 0,008 0,008 0,008 0,009 0,009 0,009
Tye/K 0 10 20 30 40 50 60 70 80 90
100 0,009 0,011 0,013 0,014 0,014 0,014 0,014 0,013 0,012 0,012
200 0,011 0,010 0,009 0,008 0,007 0,005 0,003 0,001
(tao—t6s)/°C
to0/°C 0 —10 —-20 —-30 —40 —50 —60 —~70 —80 —-90
—100 0,013 0,013 0,014 0,014 0,014 0,013 0,012 0,010 0,008 0,008
0 0,000 0,002 0,004 0,006 0,008 0,009 0,010 0,011 0,012 0,012
tg0/°C 0 10 20 30 . 40 50 60 70 80 90
0 0,000 —0,002 —0,005 —0,007 -0,010 -0,013 —0,016 —0,018 —0,021 —0,024
100 —0,026 -0,028 —0,030 —0,032 —0,034 —0,036 -0,037 —0,038 —0,039 —0,039
200 —0,040 —0,040 —0,040 —0,040 —0,040 —0,040 —0,040 —0,039 —0,039 —0,039
300 —0,039 —0,039 —0,039 —0,040 —0,040 —0,041 -0,042 —0,043 —0,045 —0,046
400 —0,048 —0,051 —0,053 —0,056 —-0,059 —0,062 -0,065 —0,068 —-0,072 —0,075
500 —0,079 —0,083 —0,087 —0,0901 1" —-0,094 —-0,098 -0,101 —0,105 —0,108 —-0,112
600 —0,115 -0,118 -0,122 —-0,125" " —-0,08 —-0,03 0,02 0,06 0,11 0,16
700 0,20 0,24 0,28 0,31 0,33 0,35 0,36 0,36 0,36 0,35
800 0,34 0,32 029 0,25 0,22 0,18 0,14 0,10 0,06 0,03
900 -0,01 —0,03 —0,06 —0,08 -0,10 -0,12 —0,14 —-0,16 —-0,17 —-0,18
1000 -0,19 —-0,20 —0,21 -0,22 -0,23 —-0,24 -0,25 —0,25 —0,26 —0,26
e 0 100 200 300 400 500 600 700 800 900
1000 _026  —030  —035  —039  —044  —049  —054  —060  —066
00 -072  —0719  -085 033  —100  —107  —1i5 124 132 14l
000M2  _150  —159  —169  —178  —18  —199  -210  -221  —232  -243

1.11 A discontinuity in the first derivative of (l:90 - tcs) occurs at a temperature of
too = 630,6 °C, at which (tgo - tes) = -0,125 °C.

1.12 The differences too ~ tes between 3000 °C and 3900 °C calculated for a wavelength of

0,65 pm are: —1,50, —1,69, -1,68, -1,78, —1,88, —1,99, —2,09, -2,20, —2,31, —2,42 °C
(see Section 1.3.1).

16



TABLE 1.6

Equations giving the differences Ty — Tgg and &y, — tzg shown in Table 1.5

The polynomial representations of the differences between 13,8 K
and 1064,18 °C are due to R.L. Rusby (1990).

- From 13,8 K to 83,8 K (accuracy approximately + 1 mK)

12 .
(oo - Te)/K =ag + 3 a; (Tyo - 40 K)/40 K’ (1.2)
1=

- From 83,8 K to +630,6 °C (accuracy approximately + 1,5 mK up to 0 °C,
and = 1 mK above 0 °C)

8 ,
(tgo - 1g8)/°C = 2, b; (tg0/630 o)t 1.3)
i=1
- From 630,6 °C to 1064,18 °C (accuracy approximately * 10 mK)
7 .
(tgo -tge)/°C=c¢cy+ 2, ¢; ((tgo - 900 °C)/300 °C) * 1.4
=1
- Above 1064,18 °C (see Section 1.3.1 for range of applicability)

2
- 90 L,(T(Au)) exp[ cy/MT(Aw) ]
Ty - Teg = AT(Au)- [ AW ) Ll e (3" ] (1.5)

where LA(TQO) and LA(T(Au)) are given in equation (6.1), T(Au) = 1337,33 K
and AT(Au) = —0,25 K.

The coefficients a, b, and ¢, of equations (1.2), (1.3) and (1.4) are

i a, bi c;

0 ~-0,005903 0 -0,00317
1 0,008174 —0,148759 -0,97737
2 —0,061924 -0,267408 1,25590
3 —0,193388 1,080760 2,03295
4 1,490793 1,269056 -~ 5,91887
5 1,252347 —4,089591 —3,23561
6 —-9,835868 -1,871251 7,23364
7 1,411912 7,438081 5,04151
8 25,277595 —3,536296 0
9 —19,183815 0 0

10 — 18,437089 0 0

11 27,000895 0 0

12 —8,716324 0 0
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Figure 1.1. Schematic representation of the ranges, sub-ranges and

interpolation instruments of ITS-90. The temperatures shown are
approximate only.
Section 1.2.6
Gas thermometer _
SHe
4
_Hel 2l
4He 1L " i e
065K 1,25K 218K 3K 32K __5K
| '_,.-""',
_He vapour_ —
pressure " | Gas thermometer
[ o Platinum resistance thermometer +
— — o
065K 3K 5K 14K 17K 20K 25K 54K 84K 234K 273,16K
Platinum resistance thermometer . | Radiation thermometer
1. + 1 1 L L 1 ? 1 1 =
| | I I | I 1 ! 1 1
-39°C 0°C 30°C 157°C 232°C  420°C 660°C 962°C 1064°C 1085°C
(234K) }! T ———

18

i ¢



Figure 1.2 The differences tyg — ty; as a function of ¢,; [after Hall
(1955)].
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Figure 1.3 The differences t;; — t,, as a function of tgg [Bedford et al.
(1970]).
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(tgo—tgg)/°C

Figure 1.4. The differences tgo — lgg as a function of t9o:
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Figure 1.5 The non-uniqueness AT of the ITS-90 in the range 13,8 K to
273,16 K for a set of eleven platinum resistance thermometers.

Differences AT between individual thermometers and a reference
thermometer are given for the range and for the sub-ranges shown of
temperature T, (Figure prepared by R.C. Kemp)

Sections 1.2.6, 1.3.2.
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Figure 1.6. The sub-range inconsistency of the ITS-90 for a number of
platinum resistance thermometers.

Differences AT shown are those between temperatures calculated from a
full range calibration (13,8033 K to 273,16 K or 0 °C to 660,323 °C, as
applicable) and those calculated from the sub-ranges shown, using the
same calibration data. (Figures prepared by K. Hill)

Sections 1.2.6, 1.3.2.
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Figure 1.7 The effect of 1 mK errors (0,1 mK for H,O triple point) at the
calibration points in the platinum resistance thermometer range of the
ITS-90. (Figures prepared by K. Hill (a and ¢ to i) and B.W. Mangum (b))
Section 1.3.3.
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Figure 1.7 (continued)
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Figure 1.7 (continued)
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2. FIXED POINTS

This section describes ways of realizing the defining fixed points of
the ITS-90. A number of precautions must be taken if the highest
accuracy is to be achieved. However, techniques to achieve this accuracy
evolve as new measuring instruments become available, as improved
thermometers are developed, and as new information is gained on the
behaviour of the various fixed points. The information given here was
prepared in 1990 and should, therefore, be supplemented in later years by
referring to the up-to-date literature. This will include the Working
Documents of the most recent meetings of the CCT : these are available
from the BIPM.

The defining fixed points of the ITS-90 are given in Table 1-1.

Above the triple point of water the assigned values of temperature
are for equilibrium states at a pressure p, = 101 325 Pa (one standard
atmosphere). Hydrostatic pressures within fixed-point cells produce small
but significant temperature effects; these are summarized in Table 2.1
(and such effects are illustrated in Figures 2.14 and 3.4).

2.1 TrirLE PoNT oF WATER (0,01 °C)

An operating triple-point cell contains ice, water, and water vapour,
all of high purity and of substantially the isotopic composition of ocean
water. Naturally any water triple-point cell must be assembled with
scrupulous attention to the requirement that the water remain free of
impurities. v

Sealed glass cells for measurements with long-stem thermometers
usually contain between 400 and 500 cm® of water and are placed in a
bath of crushed ice (Figure 2.1). Using this simple apparatus it is possible
to achieve a reproducibility better than 0,1 mK [Furukawa and Bigge
(1982)]. The same cells are also used for triple-point measurements with
capsule-type thermometers with an electrically insulating thermal contact
liquid, such as paraffin, in the central well (this is still the most common
technique). Cells are available commercially, but for construction details
see Barber et al. (1954).

Alternatively an all-metal sealed cell containing about 1 em® of

water may be used in a cryostat (Figure 2.2). These are not at present
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(1990) commercially available but can be readily constructed in the

laboratory : see Ancsin (1982), Hermier and Bonnier (1987).

2.1.1 Isoropic CoMPOSITION

Variations in the isotopic content of naturally occurring water can
give rise to detectable differences in the triple-point temperature. Ocean
water contains about 0,16 mmol of 2H per mole of 1H, and 0,4 mmol of 170
and 2 mmol of 180 per mole of 160 ; this proportion of heavy isotopes is
almost never exceeded in naturally-occurring water. Continental surface
water normally contains about 0,15 mmol of 2H per mole of 1H; water
coming from polar snow or glacial ice may occasionally contain as little as
0,1 mmol of 2H per mole of H.

The purifying of the water may slightly modify its isotopic
composition (distillation normally entails a decrease in the 2H content),
and the isotopic composition at an ice-water interface is very slightly
dependent on the freezing technique.

A decrease of 10 pmol of 2H per mole of g corresponds to a
decrease of temperature of the triple point of 40 uK ; this is the difference
between the triple points for ocean water and the normally occurring
continental surface water. The extreme, and quite atypical, difference in
the triple-point temperatures of naturally-occurring water is about
0,25 mK and is that between sea water and water obtained from melted

old polar ice.

2.1.2 Hyprosrtatic PrRessure EFrFecTs
At a depth l metres below the liquid surface (where the true triple
point temperature exists) the equilibrium temperature ty, at the solid-
liquid interface is given by tyo=A +Bl, where A=001°C and
= -7,3 x 10% m! °C (see Table 2.1).

2.1.3 PRrEPARATION OF THE TRIPLE PoINT IN A GLASs CELL

The triple-point temperature of a freshly prepared glass cell can be
slightly low (initially of the order of 0,5 mK), see Figure 3.4 (c) ; the cell
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should therefore be prepared at least one day prior to its use. The reason
for this low initial temperature and the subsequent gradual increase
during one or two days to a steady value is not clearly established but is
believed to be connected with structural strains that are produced when
the ice is first frozen; presumably the strains are relieved with time as
the ice anneals. The amount by which the initial temperature is too low
and the rate of increase to a steady temperature value are to some extent

dependent upon the cell preparation technique [Berry (1959)].

2.1.3.1 StaNDARD CoorLing METHOD TO ForM THE IcE MANTLE

A glass triple-point cell (Figure 2.1) is prepared for use by first
drying thoroughly the re-entrant well and sealing it with a rubber
stopper, then cooling the cell (to about 2 °C) by immersion in an ice bath
for at least one hour. After the cell has been pre-cooled in an ice bath, it
is withdrawn prior to preparing an ice mantle around the re-entrant well.
The ice mantle is readily formed by filling the well with crushed solid
carbon dioxide up to the level of the water surface in the cell ; alcohol (or
some equivalent) may be added to the well along with the CO2 to promote
heat transfer. If solid CO2 is not available, an immersion cooler may be
used for forming the ice mantle: for example, a metal rod precooled in
liquid nitrogen that is inserted into the heat transfer liquid in the
thermometer well (several insertions will be needed to produce an
adequate mantle). However, | this method is more likely to lead to a
cracked or uneven ice mantle than is the solid 002 method [Foster
(1972)].

The initial freezing of water within the triple-point cell will occur
several degrees below the triple point as a result of supercooling. When
the water starts to freeze, fine needle-crystals (dendrites) of ice protrude
from the wall of the well into the liquid. The dendrites quickly cover the
well but are soon replaced by a clear sheath of ice that thickens to a 4 to
8 mm ice mantle in about 10 to 20 minutes. It is important to keep the
solid CO2 compacted and topped up until the ice is at least 4 mm thick;
this may be accomplished by gently tapping the outside of the cell and
from time to time adding more 002. If the solid CO, level in the well is
allowed to fall more than a few centimeters before the well is refilled, the
ice mantle is likely to crack: the correct triple-point temperature may not

be realized if a crack in the ice mantle extends from the well surface into
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~ the surrounding liquid water. In the process of introducing solid CO,, into
the well some of it may be deposited around the top of the cell, causing
the water within the cell to freeze solidly across the top. This top layer of
ice should be melted immediately, as any subsequent freezing of water
below it can result in sufficient pressure to rupture the cell. The melting
can be accomplished by warming its top with the hands while gently
shaking it from side to side so as to "wash" the region with the cell water.
A mantle that is thicker at the bottom of the well can be formed by
returning the cell to the ice bath before the CO, has entirely sublimed or
by adding a small amount of 002 to the well while watching the mantle
grow. A mantle that is thicker at the bottom of the well is advantageous
whenever many thermometers must be calibrated: this is because of the

consequent relatively high rate of melting of the lower part of the mantle.

2.1.3.2 ALTERNATIVE CooLiNG METHODS

The probability of encountering the defects mentioned above can be
greatly reduced by a minor change in the procedure but at the cost of an
increase in the time needed to form the mantle. A glass tube, sealed at
the lower end, is placed in the dried reentrant well and crushed carbon
dioxide is placed in the inner tube. This reduces the rate of cooling of the
ice mantle and reduces the consequent strain in the ice, and also reduces
the freezing rate on the free water surface. Precooled alcohol can be used
as a heat transfer fluid between the tube and the well. A heat pipe
cooling device [Evans and Sweger (1969)] can be used instead of the inner
tube, and is especially effective in re-establishing a mantle which has

melted excessively at the bottom.

2.1.3.3 GENERATING THE DEFINING WATER-ICE INTERFACE

For either of the above methods, when the ice sheath is fairly
uniform and has become 4 to 8 mm thick, any remaining alcohol or CO2 in
the well should be carefully poured out or allowed to sublime completely.
Water pre-cooled to 0 °C is then used to flush the alcohol from the well.
Finally the well is filled with fresh, precooled water and stoppered, and
the cell is placed in its operating position in the ice bath. During the

freezing process the magnifying action of the cylinder of water will give
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the impression that the cell is, or is about to be, frozen solid with ice even
though the coating of ice on the well may still be as little as 1 or 2 mm
thick. If the cell is inverted, or temporarily immersed in a large beaker of
water, the true thickness of the ice may be seen. (The cell should not be
inverted after the "inner-melt", described in the next paragraph, has been
made).

After the formation of the ice mantle, a second ice-water interface,
the temperature-defining interface, is formed by melting the ice
immediately adjacent to the well surface. This "inner melt" can be made,
for example, by inserting a glass rod at ambient temperature into the well
for a few seconds. A test for the existence of the ice-water interface over
the entire interior surface of the mantle is to give the cell a small
rotational impulse ; the ice mantle should rotate freely around the axis of
the thermometer well. The inner melt should be remade on each occasion
on which the cell is used, and the test for the existence of a free mantle

should be carried out regularly during the course of a day.

2.1.3.4 MAINTENANCE AND LiFE-TME oF A TRIPLE PoINT REALIZATION

In storage ice will form on the surface of the water in the cell as a
result of heat transferred via the vapour to the cold glass, which is often
at 0 °C. When a cell is not disturbed for several days the ice will freeze
completely across the top surface and must be melted back (for example
by warming with the hands) before the cell ruptures. Care must be taken
to warm the water as little as possible so as not to melt too much of the
mantle.

The ice mantle can stick to the well, and sometimes this recurs very

soon after it is initially melted free. This probably is also due to cooling
via the vapour, resulting in the freezing of the top of the inner liquid
layer. Pressure can then build up in this layer and observed temperatures
can be low by as much as 0,1 mK. The mantle must, of course, again be
freed by the temporary insertion of a warm rod in the well.
The above effects are much reduced by insulating the cell from the ice
bath. This can be done by using a plastic container with foam plastic
spacers to ensure that there isl an air gap of about 1 cm between the cell
and the container wall (see Figure 2.1). A cell stored in this way can be
used for many months with very little attention beyond maintaining the
ice bath (see Section 2.1.3.5)
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2.1.3.5 OpERATING CONDITIONS

Figure 2.1 shows a triple-point cell immersed in an ice bath. A cover
is placed over the bath to reduce melting of the ice and prevent visible
and infra-red radiation from penetrating the ice and reaching the
thermometer [McLaren and Murdock (1966)]. Heavy felt cloth is adequate
for this; more effective thermal insulation can be provided by a
combination of aluminium foil and several centimetres of foam plastic.

Five centimetres of polystyrene foam is used as a lid when the bath
is not being used, and a drain from the bottom continuously removes all
melted water. After the bath has been refilled with shaved ice, a layer a
few millimetres thick gradually melts away from the walls and the air gap
produced then reduces further melting. This type of container needs
repacking with ice every two or three days. Any surface contamination
on the ice is removed by the water draining from freshly melting ice at
the top. Such an ice bath can remain within 1 mK or so of 0 °C with no
special precautions about cleanliness as long as the ice is made from
reasonably pure water (e.g. most sources of tap-water).

To provide adequate heat transfer to the thermometer, sufficient
precooled distilled water should be placed in the well to bring its surface
to approximately the same level as that of the free water in the cell when
the thermometer is in place in the well. Other heat transfer liquids, such
as paraffin, should be used for capsule-type thermometers that have
exposed leads.

The thermometer should be precooled for at least 5 minutes in an ice
bath before it is inserted in the triple point cell ; it is convenient to keep a
clean glass tube containing water in the ice for this purpose, hence
avoiding damage to the thermometer and ensuring that no ice particles
stick to the thermometer and enter the well. The thermometer current
should be switched on as soon as practicable after immersion of the
thermometer in the cell to allow the self-heating effects to stabilize. Most
thermometers are stable to within 0,1 mK after 5 minutes immersion ;
those with larger sensors or poor thermal characteristics may take
10 minutes or more to reach equilibrium.

Self heating effects i.e. effects of Joule heating by the measuring
current (Section 3.2.5), for a 25 Q thermometer are typically of the order
of 1 mK/mA2%. Of this amount, about 0,2 mK/mA? is external to the

thermometer sheath with a 13 mm well containing water and a 7,5 mm
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diameter thermometer, and this can be reduced by a factor of 5 by placing
a close-fitting aluminium bushing around the thermometer (see Figure 3.5).

Routine calibrations of thermometers in triple point cells have an
estimated standard deviation of less than 0,15 mK using a single current.
Careful measurements using two currents and extrapolating to zero power
yield an estimated standard deviation of less than 50 uK. Reproducibility
(one standard deviation) for a single cell may approach 10 uK [Furukawa

and Bigge (1982)] see for example Figure 3.4 (a).

2.1.4 THE REALIZATION OF THE TRIPLE PoINT IN A SEALED METAL CELL

The triple point obtained using a sealed metal cell, such as that
shown in Figure 2.2, is highly reproducible and agrees within 0,1 mK with
the value obtained in glass triple point cells. Capsule-type thermometers
may be measured in glass triple-point cells as described above (with an
electrically insulating heat transfer liquid in place of water) and the
results can be of a quality similar to that obtained for long-stem
thermometers. Capsule-type thermometers may exhibit a higher degree of
reproducibility in metal cells such as those described by Ancsin (1982),
Pavese and Ferri (1982) and Hermier and Bonnier (1987). An example of a
triple-point-of-water realization in a sealed metal cell is shown in
Figure 2.3. For general conditions of use and operating parameters see
Section 2.3.3

2.2 MEetaL Fixep Points

All metal fixed points must provide a continuous liquid-solid
interface that, as nearly as is practical, encloses the sensing element of
the thermometer being calibrated. In the special case of radiation
thermometry where there is, strictly speaking, no sensing element, the
equivalent requirement is the substantially complete enclosure of the
blackbody radiator.

As in the case of water triple point cells, for metal fixed points used
for resistance thermometry two liquid-solid interfaces are generally
induced. In such a situation, the outer interface advances slowly as the
liquid continues to solidify. Ideally this generates a shell that continues

to be of uniform thickness completely surrounding the liquid, which itself

35



surrounds the inner liquid-solid interface that is adjacent to the
thermometer well. The inner interface is essentially static except when a
specific heat-extraction process takes place: e.g. the insertion of a cool
replacement thermometer. Uniformity of thickness of the solid shells has
been verified by decanting melts after various amounts of freezing at a
variety of cooling rates and examining the closed cylindrical shells
remaining in the crucible. The existence of these shells attests to, and is
sufficient evidence of, the nearly-ideal freezing environment. It is the
temperature of the inner liquid-solid interface which is measured by the
thermometer. The equipment and the varying techniques required in the
generation of these interfaces, together with some methods of checking
the quality of the results, are described below.

The particular constructions of apparatus described in Section 2.2.1
and Section 2.2.3 have been successfully employed for measurements of
the highest accuracy: it is not suggested, however, that these are the
only constructions capable of giving such results [see for instance
McLaren (1962), Evans and Wood (1971), Chattle (1972), McAllan and
Ammar (1972), Furukawa (1974)].

2.2.1 CRUCIBLE ASSEMBLY

For most metal freezing points for resistance thermometry below
1100 °C, the metal ingot is contained in a cylindrical graphite crucible of
high purity. For mercury, however, stainless steel or borosilicate glass is
used, while for gallium a container of polytetrafluorethylene (PTFE or
Teflon) is generally preferred. Typically (Figure 2.11 and 2.12) the
crucible is about 5 cm in diameter and should be more than 20 cm in
length ; the liquid metal depth to the thermometer tip should be not less
than 20 cm if the highest accuracy measurements are to be possible. For
a discussion on thermometer immersion see Section 3.2.4. The metal
ingots used for resistance thermometer calibration normally have a
volume of the order of 100 to 150 cm®.

The graphite crucible is capped with a graphite lid having a central
hole which allows a thermometer well (of pyrex, fused silica, or graphite)
to be axially located in the ingot. After freezing, the ingot should not be
allowed to cool significantly (i.e. not more than 50 K) below the freezing

point, as this is likely to frdcture Sused silica or pyrex thermometer wells:
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the ingot should be re-melted and the well in question withdrawn before
Jinal cooling. The crucible is contained in a pyrex or fused silica holder
long enough to extend to the top of the furnace ; this facilitates control of
the atmosphere surrounding the ingot and provides a means for removing
the crucible from the furnace. Silica wool insulation (interspersed
between graphite disks for temperatures above 400 °C) fills this holder
from the top of the crucible to the level of the top of the furnace;
however, in the case of aluminium, graphite wool instead of silica wool
has to be used [McAllan and Ammar (1972)].

The holder is sealed at the top with a stainless-steel or brass head
that provides for the introduction of a suitable gas: helium or nitrogen
may be used for tin and zinc; argon is used at higher temperatures and
may of course be used at any. The oxygen and water content of the gas
should in general not exceed ten parts per million, and for metals where
reactions are known to occur with these gases (e.g. Al, Ag, Cu) it should
preferably be at the one part per million level or better.

Except in the regions alongside and a little above the sensor, the
outer surfaces of both the holder and the well should be roughened so as
to prevent heat loss by "radiation piping". See also Section 3.2.6 for the
effects of radiation heat loss down the sheaths of platinum resistance
thermometers.

Sealed metal freezing-point-cells [Furukawa (1974), Sostman (1977),
Ancsin (1985, 1989), Crovini et al. (1987), Nubbemeyer (1990)] are
increasingly coming into use. In these cells, see Figure 2.13, the fused
silica (or Vycor) holder and the re-entrant well of the same material are
sealed together, forming one integral part hermetically enclosing the
graphite crucible, the graphite re-entrant well, and the metal ingot under
pure argon at the appropriate pressure.

A detailed description of the filling procedure for a sealed cell
assembly suitable for In, Sn, Zn, Al and Ag is given, in Section 2.2.4.8.

For an optical-pyrometry fixed point the cylindrical graphite
crucible is constructed with a re-entrant graphite blackbody cavity of high
emissivity immersed in the metal ingot. Typical constructions are shown
in detail in Figures 2.5a and 2.5b. The crucible (about 5 cm diameter by
12 cm long) is preferably so formed that the freezing or melting metal
extends well forward of the radiating aperture: this is to ensure that the
entire cavity, including the region near the aperture, is maintained at the

temperature of the freezing metal. The volume of metal required is about
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50 cm®. Because the pyrometer must have an unobstructed view of the
cavity aperture, the crucible is not contained in any holder. During
operation pure nitrogen or argon (having less than 50 parts per million of
02) is allowed to flow slowly (0,1 litre per minute) along the core from the

rear so as to inhibit oxidation of the graphite.

2.2.2 METtAL INGoT PURITY

For calibration of a standard platinum resistance thermometer to
the highest possible accuracy, all metal ingots should be nominally
99,9999% pure. Freezing-point temperatures below 420 °C should then be
within one or two tenths of a millikelvin of that of an ideally pure ingot.
Zone-refined Sn and Zn with a purity of 99,999% will usually allow
calibration to within 1 mK, but this depends upon the particular
impurities present, but see Connolly and McAllan (1980) for a discussion
on this question. With Al, Ag, Au and Cu a purity of 99,999% will usually

result in an error of a few millikelvins.

2.2.3 FURNACES
2.2.3.1 MEepwm-TEMPERATURE FURNACE (In, Sn, Zn)

A furnace suitable for metals which freeze below 500 °C is shown
schematically in Figure 2.6.

The tube containing the crucible fits into an aluminium block which
is centred in an alumina tube heated by a nickel/chromium winding which
is powered by a regulated supply. It is useful to have end heaters in
addition to the main heater, although these may not be necessary for

measurements on a thermometer having good immersion characteristics.

2.2.3.2 HicH-TEMPERATURE F'URNACE FOR RESISTANCE THERMOMETRY (Al, Ag)

Figure 2.7 shows a high-temperature freezing-point furnace [McLaren
and Murdock (1979)]. It differs from the medium-temperature furnace of
Section 2.2.3.1 in the following ways: an inconel lining tube is used or,

preferably, a heat pipe; there may be end-heater windings, each with a
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separate regulated power supply ; fused-silica fabrics and sleevings are
used as electrical insulations for the heater windings which can be made
from chromel or nichrome up to 1000 °C, while Kanthal®! is preferred
above this temperature; there are stainless steel and inconel radiation
shields. Bottom and top supports for the furnace block are inconel and
the outer and inner insulation materials are Santocel (puffed silica gel)
powder and silica-wool respectively ; exterior water cooling is desirable in
air conditioned laboratories.

When using resistance thermometers with ac bridges at frequencies
above 10 Hz it is advantageous to have non-inductive windings for the
heaters. Control systems should be designed so that any switching is
done at zero current, to reduce electrical interference; interference is
adequately suppressed if there is no change in the measurement when the
furnace power is switched off for a short period. Currently, practical dc
regulators are nearly two orders of magnitude more precise in their
operation than their ac counterparts, and for thermometry of highest
precision a heat-pipe liner is recommended having a single winding (no
end heaters) with direct current heating. The temperature ranges over
which a heat pipe may be used as an efficient furnace muffle are shown in
Table 2.2.

2.2.3.3 HiGH-TEMPERATURE FURNACE FOR RADIATION THERMOMETRY. (Ag, Au,
Cu)

The copper, gold, and silver freezing points can be realized in a
resistance-heated furnace such as that shown in Figure 2.8 [Ohtsuka and
Bedford (1982)]. A suitable winding for the refractory furnace tube would
be about 45 turns of 1 cm by 0,04 cm Kanthal ribbon uniformly wound
along the length. A cylindrical tube of inconel or, preferably a sodium-
filled inconel heat-pipe liner should be placed inside the furnace tube. A
graphite blackbody and crucible assembly containing the metal is placed
inside the liner. Additional blocks and rings of graphite (scavenger rings)
serve to keep oxygen from reaching the crucible. A monitoring platinum
10% rhodium-platinum thermocouple enclosed in a fused-silica sheath
extends to the back of the crucible. Except on the axis along which the

pyrometer views the blackbody, the front and rear of the crucible

2.1 These are suitable commercial alloys. Equivalent nickel chromium alloys are available
and may be substituted.
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assembly are insulated with inconel heat shields and quartz wool. The
furnace is insulated with quartz wool and is water-cooled.

During operation pure nitrogen or argon (having less than 50 parts
per million of 02) is arranged to flow slowly (0,1 litre per minute) along
the tube from the rear so as to inhibit oxidation of the graphite.

Such a furnace will operate continuously above 1000 °C for many
weeks with little deterioration of the graphite of the blackbody and with

only occasjonal need for replacement of the graphite scavenger rings.

2.2.4 REeavLizaTiONS oF METAL Fixep PoiNTs FOR RESISTANCE THERMOMETRY.

The following sections describe ways of obtaining metal fixed points
having extended regions of reproducible and virtually uniform
temperature. There will be very slight vertical temperature gradients
resulting from the effect of hydrostatic pressure on the equilibrium
temperatures of the liquid-solid interface being measured [McLaren.and
Murdock (1960)], see Table 2.1 and Figure 2.14. The thermometer must be
adequately immersed, see Section 2.2.6.3 and 3.2.4 and Figure 3.4.

The most accurate realization of a solid-liquid phase transition in a
metal is generally in the liquid-to-solid direction, i.e., a freeezing point.
The highest accuracy measurements are greatly facilitated by establishing
a second, essentially static, solid-liquid interface immediately surrounding
the thermometer well (see Section 2.2).

It should also be remembered that for the highest accuracy
measurements account must be taken of the fact that neither melting nor
freezing plateaus are at a constant temperature over the whole of their
length. This may be done, after careful examination of the shape of the
melting or freezing plateau, either by excluding the first and last 15% to
20% and taking an average of the remainder or by specifying that the
required temperature is that at which a particular fraction, say 50%, of
solid is melted or frozen (see also Section 2.3.3). Only then are the highest
accuracies (often approaching 0,1 mK) attainable.

For many purposes, where very high accuracy is not required, the
melting point is a suitable alternative to the freezing point, and because
this eliminates effects such as nucleation and supercooling it is often
easier to realize. It can be especially useful when large numbers of

calibrations must be made and an uncertainty of a few millikelvins is not
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excessive [McAllan (1982b)]. (Note, however, that for gallium the melting
curve is the preferred alternative : see Section 2.2.4.2.)

The construction of fixed point cells and the method of filling them
for the high accuracy realization of metal melting, freezing and triple
points have been described by many authors. In each of the sections that
follow appropriate references will be found. Although a single design
cannot be adopted for all defining fixed points of the ITS-90 from the
triple point of mercury to the freezing point of silver, for Sn, Zn, Al and Ag
a common design is appropriate. This may either be of the open crucible
type or of the sealed cell type. The advantages of the sealed cell for the
realization of metal freezing points, principally ease of handling and
protection from external contamination, are leading to their increased use
in high accuracy realizations of the ITS-90 although it should be
remembered that once sealed the internal pressure can no longer be
checked, which is their one disadvantage. In Section 2.2.4.8 a detailed

guide is given to the recommended construction and filling procedures.

2.2.4.1 TrirLE PoNT oF MERCURY (234,3156 K)

Mercury with about 1 part in 108 total impurity content can be
prepared by chemical washing plus triple distillation. At such high levels
of purity both freezing and melting techniques yield triple-point values
within * 0,1 mK over most of the liquid-solid range [Furukawa et al.
(1982), Chattle and Butler (1988)].

As with the realization of the water triple point, a closely controlled
environment, e.g., a stirred liquid bath is desirable. If the surrounding
temperature is not controlled precisely, or differs markedly from the
triple point, thermal insulation must be interposed between it and the
sample.

A sealed cell is convenient, as this avoids moisture condensation and
contamination. Figure 2.9 shows such a mercury triple-point cell of
borosilicate glass in an insulating stainless-steel holder. Mercury triple-
point cells of stainless steel are to be preferred however, as mercury in
borosilicate-glass cells has been found to supercool about 6 °C, while that
in stainless-steel cells supercools only 0,1 to 0,3 °C. The insulation of

either type of cell is controlled by varying the pressure in the annular
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space between the holder and the cell. Ethyl alcohol is used in the
thermometer well to improve the thermal contact with the thermometer.

A so0lid-CO, ethyl-alcohol mixture can be used for cooling the
stainless steel holder being immersed in the cooling mixture ; when the
cell temperature reaches the freezing point the annular space is
evacuated. @When the mercury has begun to freeze or is in the
supercooled state, the thermometer is removed and an auxiliary closed-
end thin-wall stainless-steel tube is inserted into the thermometer well.
Two liquid-nitrogen-cooled glass rods successively inserted into the
stainless-steel tube will produce a solid mercury mantle on the
thermometer well. The stainless-steel tube is then withdrawn, taking
with it any ice that may have been introduced by the glass cooling rods.
Finally, the thermometer, which has been pre-cooled in an auxiliary
alcohol-filled tube immersed in the solid-COz—ethyl-alcohol cooling mixture,
is inserted into the thermometer well. With continuous evacuation of the
annular space, freezing times of up to 14 hours have been obtained using
about 2 kg of mercury in the cell. The reproducibility of the triple point
on freezing is better than + 0,05 mK.

To obtain a melting point, i.e. triple point on melting, the mercury is
first frozen rapidly by admitting air to the annular space or with a heat-
pipe cooler in the thermometer well. With either method, about 20 to
25 minutes are required from the start of the freezing to its completion.
The melting measurements should be carried out either with an annular
space around the ingot evacuated, or with the ingot container placed in a
plastic foam box to provide adequate thermal insulation. To start the
melting measurements, warming rods are introduced or a small heater is
used until an inner melt around the thermometer well is obtained. A
monitoring thermometer which has been used in earlier measurements will
help in testing for the existence of the melting state. Melts lasting up to
24 hours have been obtained depending upon the thermal insulation. See

Figure 2.10 for typical results.

2.2.4.2 MEeLTING PoINT oF GALLIUM (29,7646 °C)

Gallium with about a part in 107 total impurity content is
commercially available. A sample of this purity allows one to achieve an

exceptionally stable melting point [Mangum and Thornton (1979), Chattle
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et al. (1982), Mangum (1982), Bonhoure and Pello (1983), Arai and Sakurai
(1990)]. Gallium melting point cells are commercially available.

The large expansion at solidification (3,1%) makes it desirable to use
a slightly flexible construction, so an all-plastic container is commonly
used, with the parts joined together by means of a high-vacuum epoxy or
a rubber O-ring seal. The plastic is permeable to air, so it is convenient to
store and use the cell with the gallium in an atmosphere of pure argon.
Gallium shows substantial supercooling, so the solid-to-liquid transition is
used rather than the freezing point. The cell shown in Figure 2.11
contains about 900 g of gallium.

The gallium is solidified completely by placing the cell in a vacuum
flask filled with crushed ice for at least one hour. If the gallium is initially
molten, nucleation may be induced by the repeated insertion of liquid-
nitrogen-cooled copper rods in the well (containing a light oil as contact
medium) before placing the cell in the vacuum flask.

The solid gallium is then partially melted, for example by using oil at
a temperature of about 40 °C. To ensure that a liquid-solid interface is
developing both along the outside of the sample and along the
thermometer well, the oil is pumped from a circulator through a tube
placed in the thermometer well, is allowed to flow uniformly over the
outside of the cell, and is then returned to the circulator. The system is
left pumping for 10-15 minutes during which time about 25% of the sample
is melted. The cell is then transferred to a stirred oil bath which is
controlled at a temperature about 0,1 K above the melting-point
temperature, where it is suspended in such a way that the plastic
container is well-immersed in the liquid. An alternative procedure is to
place the cell containing solid gallium in the bath at about 29,9 °C, and to
fit a small electric heater in the thermometer well ; approximately 10 W is
applied for about 20 minutes in order to create a liquid-solid interface
adjacent to the thermometer well.

A thermometer (pre-heated in the oil bath) is inserted and
measurements are started about 20 minutes later. Measurements can be
made with several thermometers successively on the same melting
plateau. Standard deviations in the range from 25 to 85 uK can be
achieved for repeated measurements with an individual thermometer
[Mangum and Thornton (1979)].
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2.2.4.3 FrerzinG PoINt oF InpiuM (156,5985 °C)

Freezing-point cells of conventional graphite pattern containing high
purity indium (greater than 99,999%) have been described by McLaren
(1958) and Chattle and Pokhodun (1989). Sawada (1982) described a
triple-point cell made entirely of glass, while Oleinik et al. (1984) and
Mangum (1989) reported results obtained from PTFE-encased cells.

Indium supercools by 1 K or less, so outside nucleation (see Section
2.2.4.4) is usually unnecessary. After melting the ingot, the furnace
temperature is stabilised a degree or so below the freezing point. When
the temperature indicated by a thermometer in the cell has fallen close to
the freezing point the thermometer is withdrawn and allowed to cool for
up to 1 minute before being replaced in the cell. The loss of heat to the
thermometer is sufficient to cause rapid nucleation with the formation of
a thin mantle of solid indium around the thermometer well ; the plateau
temperature is quickly reached. Several thermometers may be calibrated
sequentially in the same freeze, each being pre-heated to minimise cooling
of the mantle around the thermometer well.

The freezing point of a high purity (99,9999%) sample of indium is
reproducible to about 0,1 mK [Mangum (1989)].

2.2.4.4 FreEeziNnG PoNt oF TN (231,928 °C)

A large amount of supercooling occurs when high purity tin freezes.
Because of this, in order to obtain a suitable constant temperature
plateau, it is necessary to induce an "outside nucleated slow freeze". The
procedure [McLaren (1957), McLaren and Murdock (1960)] is as follows:

The melted ingot is allowed to cool slowly (less than 0,1 K per
minute) until its temperature approaches the freezing temperature of the
tin. At this point the pyrex tube holding the crucible of tin and the
thermometer is extracted from the furnace block (Figure 2.6) into the
throat of the furnace until the top of the crucible is nearly level with the
top of the furnace (or, for quicker results but a shorter operating period,
extracted completely from the furnace) and is held in this cooler
environment until recalescence occurs. The crucible is then immediately
lowered into the block, which will still be close to (or may be

automatically controlled about 1 K below) the freezing temperature. The
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result of this operation is the formation of a solid shell of tin of
approximately uniform thickness at the outer walls of the crucible.

The thermometer is then withdrawn from the well for about
1 minute and then replaced. The loss of heat to the thermometer causes
rapid nucleation and growth of a mantle of solid tin about 1 mm thick on
the thermometer well, the solid-liquid boundary of which constitutes the
tin point interface around the sensing element of the thermometer.
Thereafter this interface remains nearly stationary ; the bulk of the metal
freezes in a cylindrical shell from the crucible walls.

It is important to achieve a high degree of supercooling (> 4 K) for
the attainment of the plateau temperatures by means of outside-
nucleated slow freezes. High-purity tin should be kept in an inert
atmosphere and the ingot should not be topped with graphite powder:
when graphite powder becomes distributed throughout a sample,
inadequate supercooling (< 4 K) may result.

The extent of the supercool appears to depend on the
characteristics of the previous overheating. Ingots that are held 10 K
above their liquidus points overnight nearly always supercool more than
those that are refrozen less than 2 hours after melting. When ingots are
held 2 K or less above the liquidus points for 2 hours or less and then
refrozen, the observed supercooling is usually less than 4 K. It has also
been reported [Marcarino et al. (1989)] that satisfactory inner nucleation
can be obtained following nucleation induced by a flow of cold nitrogen
into the thermometer well.

The freezing point of high purity (99,9999%) Sn is reproducible to
within 0,1 mK.

Depending on the thermometer construction, it may require as little
as 13 cm or as much as 25 ¢m immersion in the constant temperature

zone, see Figure 2.14(a).

2.2.4.5 FRrEEzING PoINt oF ZINc (419,527 °C)

The freezing temperature is obtained as follows [McLaren (1957),
(1958)]:

The melted ingot is allowed to cool until nucleation at the outside of
the ingot begins, as evidenced by an initial arrest in the cooling curve.

The thermometer is then withdrawn from the well for about 1 minute
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(during which time the temperature indication drops below 200 °C) and
replaced. If the thermometer is held in the room for much more than
1 minute an unnecessarily large amount of the sample is frozen on re-
insertion, and the recovery time is extended. The loss of heat to the
thermometer causes rapid nucleation and growth of a mantle of solid zinc
about 1 mm thick on the thermometer well, the solid-liquid boundary of
which constitutes the zinc point interface around the sensing element of
the thermometer. Thereafter this interface remains nearly stationary ;
the bulk of the metal freezes in a cylindrical shell from the crucible walls.

When many thermometers are calibrated using the same freeze, the
thermometers should be pre-heated close to the zinc point to avoid
changing the thickness of the solid zinc mantle on the thermometer well.
The apparent reproducibility of the freezing point from sample to sample
of 99,9999% Zn is of the order of 0,2 mK ; it has been suggested that about
half of this amount arises from variations within the thermometer, and
that the intrinsic reproducibility of the Zn point is = 0,1 mK.

Melting curves taken after such freezes reveal a "memory" of the
freezing plateaus ; i.e., their form is dependent on the rate and method of
induction of the preceding freeze. In general, the melting plateaus are not
quite as constant in temperature as freezing plateaus but tend to rise a
few tenths of a millikelvin for highest purity zinc and up to 3 mK for zinc
of lesser purity.

Depending on the thermometer construction, it may require as little
as 17 ecm immersion in the constant temperature zone; others require
25 cm immersion, and for some as much as 33 em remain inadequate, see
Figure 2.14(b).

2.2.4.6 FrEEzING PoiNt oF ALumiNmum (660,323 °C)

The ingot should first be completely melted by keeping it at a
temperature about 10 °C above the freezing point for about 2 hours.

The ingot is allowed to cool slowly (= 0,1 K per minute) below the
freezing point. It usually supercools about 0,4 to 0,6 K. When
recalescence is observed, the thermometer is removed and the cooled
thermometer or a fused-silica rod is re-inserted in order to generate an
inner-solid aluminium mantle on the well. The temperature of the furnace

should then be set 0,5 to 1 K below the freezing temperature. Depending
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upon the purity of the aluminium sample, the temperature plateau is
constant to about 0,2 mK over the first 50 percent of the freeze [McAllan
and Ammar (1972), Furukawa (1974)]. Graphite wool rather than silica
wool should be used above the graphite crucible (see Section 2.2.1 and
Figure 2.4). Residual water and oxygen, both highly reactive with molten
aluminium, must be removed before melting. In addition, the molten
aluminium must not be allowed to come in contact with the fused silica
container; it will adhere tenaciously to the silica, and the rapidly
following chemical reaction may perforate the container.

The reproducibility of this point in any one laboratory is about
1 mK, the measurements being limited by the stability of the
thermometers used. Reported results cover a range of 10 mK ; however,
most of the variation was probably due to non-uniqueness of the IPTS-68

or variation in thermometer characteristics.

2.2.4.7 FRrEEziNG PoINT oF SILVER (961,78 °C)

The ingot should first be completely melted by keeping it at a
temperature about 10 °C above the freezing point for about 2 hours.

The recommended induced-freezing technique is similar to that used
for the freezing point of zinc or aluminium. The ingot is allowed to cool
slowly (about 0,1 K per minute) below the freezing point; at such a low
cooling rate the supercooling never exceeds 0,5 K. When it is evident that
a nucleation is taking place (the temperature rise clearly shows the
recalescence) the thermometer is extracted from the well and then
reinserted after about 1 minute exposure to ambient temperature.

The temperature of the resulting plateau rises to an equilibrium
value after about 20% of the total freezing time has elapsed ; thereafter it
remains constant to within 1 mK or better for about a further 40% of the
total freezing time.

The presence of oxygen in the silver will lower the observed freezing
temperature. Experiments with argon-oxygen mixtures (up to 1% oxygen)
bubbling through the silver have produced liquidus point depressions that
were always less than 5 mK. A slope inversion on a melting curve
following a very fast freeze is a reliable indication of contamination by

oxygen. However, if the ingot is kept in the molten state in an inert gas
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the surrounding graphite will effect the complete removal of the oxygen
within a few hours [Bongiovanni et al. (1975), Takiya (1978)].

2.2.48 THE CoNnsTRUCTION AND FILLING OF SEALED FREEZING-POINT CELLS
SUITABLE FOR In, Sn, Zn, Al AND Ag

The following notes give a sufficiently detailed description of the
preparation of a sealed cell for it to be used as a guide by someone not
experienced in this type of work. The numbers preceding each paragraph

refer to the numbered parts of Figure 2.12.

Preliminary phase

1 - Bake the high-purity graphite parts (crucible, lid, and well) at a
temperature of 20 K or more above the fixed point under preparation ;
evacuate the system down to a pressure of 104 Pa, cool, and fill with
pure Ar at about 10° Pa.

2 - Insert the high-purity metal into the crucible, put the lid on the
crucible, insert the graphite well through the hole in the lid, letting it
rest on the metal block. A quartz press-rod is fed through a vacuum-
tight seal and rests on the top of the graphite well. Evacuate the
auxiliary quartz vessel to a pressure of 104 Pa, then fill with pure Ar
at a pressure of about 90 kPa?2.

3 - Melt the metal block completely ; heat it to a temperature of 10 K or
more above the melting point; push the quartz press-rod downward,

until the graphite well reaches the bottom of the crucible.

Second phase of preparation

4, 5 - Degrease the lower and upper part of the quartz sheath shown
using ethanol, etch it (5 % fluoric acid, 5 minutes), and rinse about ten
times with high-purity water (conductivity, y = 5 x 10 S/m).

6, 7 - Assemble the two parts of the quartz sheath and the crucible
prepared as above; fuse the quartz parts together. Evacuate the
assembled fixed-point cell to a pressure of = 104 Pa by means of a
turbo-molecular pump. Insert a calibrated platinum resistance

thermometer into the quartz well of the cell. Melt the fixed-point

2.2 Due to the high vapour pressure of zinc at its melting point and the tendency of
molten aluminium to bond to graphite in vacuum, both of these metals should be melted only
in the presence of about one atmosphere of a gas such as argon. ‘
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metal completely, until the graphite well floats up from the base of the
crucible. Let the fixed-point metal freeze slowly, filling the cell with
argon at a pressure of the order of 95 to 100 kPa. While keeping the
cell close to the freezing point temperature, seal off the pump tube
directly above the furnace (the actual values of the filling pressures
and seal-off temperatures, here and elsewhere, should be such that the
pressure at the freezing-point temperature is well within 1% of one
standard atmosphere, see Table 1.1). Allow the cell to cool and seal off

the pump tube at its contraction.

Figure 2.13(a) shows such a final fixed point assembly mounted in
an inconel-601 cylinder. The cell can easily be removed from the inconel
cylinder by pushing a metal rod up through the hole in the bottom of the
cylinder. An alternative design by Crovini et al. (1987) is shown in Figure
2.13(b): in this latter design, it is necessary to keep the large gas-filled
portion of the cell at an average temperature close to (i.e. well within 3 K)
of the freezing point so as to ensure that the pressure is sufficiently close

to one standard atmosphere.

2.2.5 REeALEzATION oOF METAL FREEZING POINTS FOR RADIATION THERMOMETRY
SILVER (961,78 °C), GoLp (1064,18 °C), AND CoPPER (1084,62 °C)

Accurate radiation thermometry requires a system with an
unimpeded optical path between the blackbody cavity and the
thermometer ; solid windows of any kind will introduce uncertainties in
transmittance and are sources of systematic errors. In the absence of
windows, a small quantity of oxygen is likely to be present in the
surroundings of the crucible, but this does not necessarily degrade the
accuracy of a silver, gold or copper point. A small flow of pure argon is
sometimes used (see Section 2.2.3.3) [Ricolfi and Lanza (1977)].
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2.2.6 METHODS OF ANALYSIS

2.2.6.1 Purrry Cueck Usmng MELTING CURVES

While the freezing plateau is used to provide the most reproducible fixed
point temperature, the melting plateau provides a great deal of qualitative
information on the content and distribution of impurities in the ingot
[Quinn (1990)]. Chemical analysis is useful in the initial selection of high-
purity material, but lack of knowledge of all the necessary phase diagrams
in the limit of small dilutions makes the application of the results
uncertain. The advantage of the melting curve over the freezing curve as
a source of information on impurity content and distribution is that there
is no equivalent of the supercooling and nucleation effects which distort
the first part of the freezing curve. Also, since the diffusion of impurities
within the solid during melting is much too slow to allow proper
equilibrium (i.e., uniform distribution) to be attained throughout the bulk
of the ingot, it follows that the solid ingot retains information concerning
segregation of impurities during freezing ; some of this information can be
obtained from a comparison of melting curves following various rates of
freezing. Many examples are given by McLaren (1962).

Comparisons between cells, as opposed to measurements on a single
cell, can be validly undertaken by this method provided that the cells are

geometrically similar and are similarly treated.

2.2.6.2 FRrEEZE EvALUATION USING TEMPERATURE OSCILLATIONS

The presence of incomplete shells resulting from improperly induced
freezes can be detected by applying temperature oscillations to the
crucible, the oscillation period being of the order of 30 minutes and the
peak-to-peak amplitude at the crucible wall being about 1 K. Resulting
small temperature oscillations during either a freezing or melting plateau
constitutes clear evidence of the presence of incomplete shells, provided
that the thermometer is adequately immersed, see Section 2.2.6.3. On the
other hand, if such oscillations are not observed it is clear that the
temperature of the thermometer is determined only by the temperature of

the liquid-solid interface, the thermal resistance between the coil and the
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interface, and the thermometer stem losses [Bongiovanni et al. (1975),
Takiya (1978)].

2.2.6.3 ImmersioNn CHECK

An immersion check consists of measuring the thermometer
resistance as a function of depth of immersion of the sensor in the ingot.
As the sensor is withdrawn the point at which its temperature begins to
diverge significantly from that of the ingot, which provides a quasi-

23 is moderately dependent upon the ambient

constant temperature zone
conditions and strongly dependent upon the thermometer construction.
With some thermometer constructions, above some limiting temperature it
becomes impossible to achieve adequate immersion in ingots of normal
size ; for other constructions a moderately small immersion will suffice.
Both of these conditions, together with an intermediate one, are
illustrated in Figure 2.14, see also Section 3.2.4. Ingots are often, indeed
usually, too short to provide adequate immersion (20 cm or more) in
themselves for many thermometers at the tin, and zinc points: this
drawback can be overcome to a certain extent by so adjusting the furnace
as to keep an additional 10 em above the ingot within a few kelvins of the

fixed point temperature.

2.3 Cryocenic Fixep Pomnts (13,8 K To 84 K)24

Of the six cryogenic fixed points dealt with here : all six (H,, Ne, O,
and Ar triple points and two H2 vapour pressure points) are used for
calibrations of capsule-type platinum resistance thermometers (see
Section 3.1.1) ; two (O2 triple point very rarely and Ar triple point often)
are used for calibrations of long-stem platinum resistance thermometers
(see Section 3.1.2) ; and two (H, and Ne triple points) are two of the three

points used for calibrations of gas thermometers (see Section 5).

2.3 For the unavoidable deviations due to hydrostatic pressure variations see Section 2.2.4
and Table 2.1.

2.4 For the fixed point in the liquid helium range see Section 4.
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The uncertainties quoted for the best vapour pressure point
realizations range from 0,2 to 1 mK ; those quoted for triple points are of
the order of 0,2 mK.

2.3.1 VAPOUR PRESSURE SYSTEMS

Vapour pressure (boiling-point) cryostats have been described by
several investigators [Compton (1970), Ancsin (1973a), Kemp and Kemp
(1978)] ; an example specifically designed for the realization of the boiling
points of equilibrium hydrogen is shown in Figure 2.15.

The temperature of the sample must be precisely controlled so that
vapour pressure measurements can be made at stable, uniform
temperatures.

The vapour pressure above the sample is usually sensed via a
vacuum-jacketed capillary tube of about 2 mm bore (which is sufficient to
avoid significant errors arising from the thermomolecular pressure effect)
and made of a material having a low thermal conductivity. Net radiant
influx down the capillary to the surface of the liquid must be prevented,
as this would raise the sample temperature above that of the
thermometer. No portion of the capillary can be allowed to be colder
than the sample or condensation will give rise to spuriously-low vapour
pressure readings. It is recommended that the capillary pass through a
radiation trap having a temperature very slightly above that of the
sample. The temperature distribution along the capillary should be
measured, both to ensure that there are no portions of the capillary
colder than the sample and also to allow the aerostatic pressure
differential between the ends of the capillary to be calculated.

The vapour pressure above a cryogenic liquid may depend on
impurities present in the liquid [Ancsin (1973a); Compton and Ward
(1976)], and may also, because of impurity or isotopic concentration
effects, depend on whether gas has been removed from or added to the
sample chamber. It is desirable, therefore, that the purity of the gas be
measured and that a gas-handling system be used that enables measured
amounts of gas to be removed from or added to the sample chamber.

Errors in pressure measurement may contribute significantly to the

uncertainty of the boiling point realization. See Section 4.4.
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2.3.2 TripLE-PoINT SYSTEMS

Triple-point systems have the great advantage over boiling-point
systems of requiring no pressure measurements. Cryogenic triple points
are almost always obtained from melting, rather than freezing, of the
sample.

A cryogenic triple-point cell may be refillable, via a more-or-less-
permanently connected gas handling and purifying system, or it may be a
more robust, permanently sealed unit. The latter type is now almost
universally used for triple point realizations.

A sealed triple-point cell must be designed to withstand the pressure
arising at the maximum expected temperature (typical room temperature
pressures range from 0,5 to 10 MPa). The heat capacity of the container
is not of great importance in determining melting curves: it would be
important if one were to measure freezing curves, because of the effects of
supercooling. Non-sealed cells need not be particularly robust and
therefore can have a heat capacity substantially less than that of a sealed
cell of comparable sample size.

Cell design should be such as to reduce as far as possible the
thermal resistance between the thermometer and the sample, taking due
account of the very low thermal conductivities of liquified gases. Heat
conduction to the sample can be made sufficiently good, either by
subdividing the chamber by a set of closely spaced (about 0,5 mm)
horizontal or vertical copper baffles or by using a horizontal, thin
pancake-shaped chamber [Ancsin (1973b)]. Other constructions, perhaps
more amenable to a thorough cleaning of the inside of the cell, have been
reported [Bonnier and Malassis (1975), Mitsui and Inaba (1978), Pavese
and Ferri (1982)]. A wide variety of successful designs for use with
capsule thermometers is illustrated in Figure 2.16. Some properties of
thermometric substances at their triple point when enclosed in a copper
cell are given in Table 2.3.

In order to keep temperature gradients low, heat flows in the cell
must be extremely small. To this end, the cell is surrounded by one or
more temperature-controlled heat shields, the whole being enclosed in a
vacuum jacket which is normally immersed in the cryogenic fluid. Several
such triple-point cryostats have been described [Ancsin and Phillips
(1969), Ancsin (1970), Pavese (1975), Compton and Ward (1976), Kemp et
al. (1976)] ; one of these is illustrated in Figure 2.17.
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Sealed triple-point cells for long-stem thermometers are similar in
principle both in design and in operation to those for capsule-type
thermometers but are much longer so as to provide adequate immersion
for the thermometer. For details of their design and operation see
Bonnier (1975), (1987), Ancsin and Phillips (1976) and Figure 2.18.

2.3.3 ReaLizATION OF A TRIPLE PoINT

The realization of a triple point proceeds as follows: The sample is
frozen, thermally isolated, and a series of measured heat pulses applied.
The equilibrium temperature is measured after each pulse. A marked
diminution in the temperature change per pulse indicates the onset of
melting. The transition is observed by further intermittent heating until
melting is completed. This is illustrated in Figure 2.19.

A plot (or least-squares analysis) of the equilibrium temperatures as
a function of the fraction F of the sample melted gives a well-defined
representation of the melting curve. Most melting curves consist of a
curved region at the onset of melting, followed by a flat region over which
the bulk of the transformation occurs, and finally a region of rapid
temperature rise as melting is completed. The shape and transformation
temperature of the melting curve depend on the purity of the sample and
on the experimental technique used; a temperature offset may occur,
especially towards the end of the plateau, due to the poor thermal
conductivity of the liquid phase. The question of deducing the triple-point
temperature from an observed melting curve is a difficult and contentious
one [e.g. Pavese (1984)]. There are two widely-used methods of deducing
this temperature: the first discards the initial and final 15% of this curve
and then takes the mean of the remaining 70% as defining the
temperature of the triple point. The second plots the 1/F values between
about five and two, extrapolates this part of the melting curve to 1/F =1
(liquidus point) and defines this as the triple-point temperature. In most
cases however for the points specified in the ITS-90 the plateaus are
sufficiently flat that the ambiguity is small (0,2 mK or less) as is the case
in Figure 2.19.

Sealed triple-point cells have been successfully used with all of the low-
temperature fixed triple points of the ITS-90, namely H,, Ne, 02, Ar, Hg
and H,0
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2.3.4 TripLE Pomnt (13,81 K) AND VAprour PrEssure Pomnts (= 17,035 K
AND = 20,27 K) oF EquiLiBrium HYDROGEN

Hydrogen has two molecular modifications designated by the
prefixes ortho and para. The equilibrium ortho-para composition is
temperature dependent and, at room temperature, is about 75% ortho-
hydrogen and 25% para-hydrogen ("normal hydrogen™). The term
"equilibrium hydrogen" means that the hydrogen has attained the
equilibrium composition corresponding to its temperature. On
liquefaction the composition changes slowly with time and there are
corresponding changes in the physical properties. At the normal boiling
point, the equilibrium composition is 0,21% ortho and 99,79% para-
hydrogen and the boiling-point temperature of this equilibrium
composition is lower than that for normal hydrogen by about 0,12 K. In
order to avoid errors in the realization of these fixed points, it is essential
that the hydrogen should have the appropriate equilibrium composition.
The easiest way of ensuring this is to place a suitable catalyst such as
activated ferric hydroxide in the sample chamber. To activate the ferric
hydroxide, it is maintained at 115 °C under vacuum for at least 24 hours.
After activation the catalyst must be kept in an atmosphere of pure
hydrogen. The normal isotopic composition of hydrogen is 0,15 mmol of
deuterium per mole of hydrogen. Isotope fractionation may occur which
can result in a difference of 0,4 mK between the dewpoint (vanishingly
small liquid fraction) and the boiling point (vanishingly small vapour
fraction). In practice the boiling point is used since the catalytic action is
more efficient if the free liquid is in contact with the catalyst.

The temperature T90 as a function of the vapour pressurep of
equilibrium hydrogen is given within the ranges 17,025 K to 17,045 K and
20,26 K to 20,28 K by the relations :

Tyo/K — 17,035 = (p/kPa — 33,3213)/13,32 2.1
T,,/K — 20,27 = (p/kPa — 101,292)/30 2.2)

The influence of impurities on the hydrogen fixed points is fairly
small. The only impurity having a lower boiling point, He, is easily
removed if the gas is pumped away from the solid. Other impurities
having a higher boiling point, such as N,, are probably cold-trapped in the
cryostat. The most troublesome impurity is neon, which lowers the triple-

point temperature by about 8 uK and the boiling point temperature by

55



about 1,5 pK for each part per million of neon [Ancsin (1977), Compton
(1972), Kemp and Kemp (1979)].

2.3.5 TripLE Ponts oF NEON, OXYGEN AND ARGON

The neon triple point is easily realized and very high quality melting
plateaus can be obtained [Kemp and Kemp (1978)]. Ancsin (1978) has
reported that the triple point of neon is insensitive to volatile impurities
(He, H2) and to the non-volatile impurities O2 and Ar. However, he found
that N2 impurity can depress the triple point by as much as 2 mK while
not necessarily affecting the melting range. Care should therefore be
taken with the purity of the neon. Variations in the isotopic composition
of natural neon can lead to differences of up to 0,5 mK between samples
[Pavese (1984)].

The oxygen triple point is easily realized and is only moderately
sensitive to the presence of impurities [Ancsin (1970), Compton and Ward
(1976), Kemp et al. (1976), (1979), Pavese (1978)]. The effect of various
impurities on the triple point temperature of oxygen is given in Table 2.4.
The effect of argon contamination, common in commercial oxygen, is an
insidious one as it has no effect on the melting range. The manufacturer’s
specifications for argon content are frequently wrong by as much as an
order of magnitude. Increases of 2 to 3 mK in the apparent oxygen triple-
point temperature due to argon impurity have been observed [Pavese et
al. (1984)]. '

The argon triple point is very easily realized. It is moderately
sensitive to the presence of impurities, the triple-point temperature being
lowered by as much as 30 uK per part per million of impurities such as 02,
N,, CO,, and CH4 [Ancsin and Phillips (1969), Pavese and Ferri (1982)].
However, gas with purity better than 99,9999% is readily available.
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TABLES, FIGURES AND REFERENCES

TABLE 2.1

Effect of pressure on the temperatures of some defining fixed points2'5

Substance Assigned Temperature variation
value of with pressure, p with depth, 1
equilibrium dT/dp)/ ng/dl)/
temperature (108 KePa'1)2-6 (102 KemH27
T,,/K
e-Hydrogen (tp) 13,8033 34 0,25
Neon (tp) 24,5561 16 1,9
Oxygen (tp) 54,3584 12 1,5
Argon (tp) 83,8058 25 3.3
Mercury (tp) 234,3156 54 7.1
Waper (tp) 273,16 -7.5 -0,73
Gallium 302,9146 -2,0 -1,2
Indium 429,7485 4,9 3.3
Tin 505,078 3,3 2,2
Zinc 692,677 4,3 2,7
Aluminium 933,473 7,0 1,6
Silver 1234,93 6,0 5,4
Gold 1337,33 6,1 10
Copper 1357,77 3,3 2,6

2.5 The reference pressure for melting and freezing points is the standard
atmosphere (po = 101 325 Pa). For triple points (tp) the pressure effect is
a consequence only of the hydrostatic head of liquid in the cell.

2.6 Equivalent to millikelvins per standard atmosphere.

2.7 Equivalent to millikelvins per metre of liquid.
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TABLE 2.2

Heat pipes

Useful combinations of working fluid, wall material and temperature

ranges [after Neuer and Brost (1975)]

Useful
temperature

Working Fluid Wall material range (°C)
Nitrogen stainless steel -200 to — 163
Methane copper,aluminium —-170 to — 120
Carbon tetrafluoride copper, aluminium —-170 to —70
Freons copper, aluminium - 150 to 30
Ammonia stainless steel,

nickel aluminium - 40 to 60
Acetone copper, stainless steel —40 to 150
Methanol copper, nickel -30 to 150
Water copper, nickel, titanium,

stainless steel 30 to 180
Organic fluids stainless steel, super alloys,

carbon steel 130 to 300
Mercury stainless steel 180 to 500
(with additives)
Caesium stainless steel, nickel 400 to 600
Potassium stainless steel, nickel 400 to 200
Sodium stainless steel, nickel 600 to 1050
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TABLE 2.3

Some properties of thermometric substances at their triple points in a
copper cell.

Substance Ttp Py H, dtp/ dyrp A H/c
®) (kPa) (J/mol) wmlk!

e-Hydrogen 13,803 7,034 117 1040 0,103 90

e-Deuterium 18,689 17,079 197 1040 0,123 110
Neon 24,556 43,379 335 1728 0,117 33
Oxygen 54,358 0,1464 444 980 0,196 4,4
Nitrogen 63,151 12,526 720 814 0,161 4,8
Argon 83,806 68,802 1189 980 0,125 6
Krypton 115,776 73 1500 812 0,09 6
Xenon 161,403 81,681 3100 647 0,07 10
Carbon Dioxide 261,590 518 8400 825 0,158 28
Water 273,16 0,61166 6010 5,6 16

T, P triple point
d ¢ = melting enthalpy ; d

temperature
tp/ dNTP

(Toy): Py
= density ratio between the liquid at

= {riple point pressure;

T

and the gas at 20°C and at a pressure of 101 325 Pa; A = therm

conductivity of the liquid at the triple point, and c_ is the specific heat of

copper, so that the last column (Hthp) is a measure of the ability of the
melting substance to maintain a mass of copper at the temperature of the

melting point.

TABLE 2.4

The change in oxygen triple-point temperature AT due to the presence of
the more common impurities at a concentration of 1 part in 10%.

Impurity

N2
Ar
Kr
Ne

He
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Figure 2.1 Water triple-point cell, made from glass for use principally
with long-stem thermometers, shown in an ice bath.

(1) platinum resistance thermometer, (2) plug of glass wool, (3) water
vapour, (4) water, (5) ice, (6) plastic container, (7) crushed ice, (8) opaque
cover, (9) thermometer leads, (10) insulating break in stainless-steel
container wall, (11) stainless steel containers, (12) polystyrene-foam
insulation, (13) air gap (maintained by plastic spacers which are not
shown), (14) base containing drain holes, (15) supports, (16) water
container.
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Figure 2.2 A triple-point of water sealed metal cell for use with capsule-
type thermometers shown inserted into a multicomponent sealed cell for
the realization of the five low-temperature fixed points.

(1) filling tubes, (2) stainless steel multicomponent cell, (3) compartments
for samples, (4) copper triple-point-of-water cell, (5) thermometer well
[after Hermier and Bonnier (1987)].
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Figure 2.3 A triple-point of water realization using the cell shown in
Figure 2.2 [after Hermier and Bonnier (1987)]
Section 2.1.4.
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Figure 2.4 Metal freezing-point sample holder for resistance thermometry
[Bongiovanni et al. (1975)]
Sections 2.2.1, 2.2.4.6.
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Figure 2.5 Fixed point blackbody assemblies for radiation thermometry
[a) Ohtsuka and Bedford (1982), b) Quinn and Ford (1969)]

Dimensions are in millimetres.

Sections 2.2.1, 6.5.1.
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Figure 2.6 Medium-temperature furnace for resistance thermometry metal
freezing points [after Chattle (1972)]

1. Silica-wool ; 2. glass tubes; 3. alternate graphite-ceramic discs ;
4. nickel/chromium heater on alumina former; 5. thermocouple;
6. aluminium block with lining tube. The case is filled with mineral wool
insulation.

Sections 2.2.3.1, 2.2.44.
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Figure 2.7 High-temperature furnace for resistance thermometry metal
freezing points [McLaren and Murdock (1979)]. A heat pipe is preferred,
but is a much more costly alternative to the inconel block ; with a heat
pipe, the end heaters are omitted. Section 2.2.3.2.

;.E
%
o 1 o STAINLESS
-~ ~ U ~4 b~ sTeEL ToP
INCONEL —— ~ o~ ~ ~
SHIELD ~ ~ ~ ~ L SILICA WOOL
d ~ o~ —~ ~
- % = i PUFFED
~ T ~
1 ~E=E = T4—_ SiLiCA
i == = b GEL
q ~ i~
~ !~
o e > ~~~.COOLING
9 . i cott
i i~ T s

d //l‘/'! E',—l \

— 1 A |~ F o~ P~~~ INCONEL
STAINLESS—T % o ] BLOCK
STEEL q . L~
SHIELD ~ | 3

c/ ~ o~ T

~ E ~ \D
~ | :',—/

END / 1l - |~ INCONEL
e RS ] 'J; v fooa N b CYLINDER
1 i
\\\:E ::: \o

b o= i T~ KANTHAL

e .,'"*\ P A-1
q === HEATERS
L~ ~ ri~]J \o
d T — [ ~~_INCONEL
5 RADIATION
d SHIELDS
ALUMINIUM P
shetL ] — A

TN b

q uun\unnnn\\nn\\nuuuuu’x\\

1200 RRARRAARRAARARGARARAREARARRRLERT PYREX WOOL

I

IA*; [

™ i |

50cm

66




Figure 2.8 High-temperature furnace for radiation-thermometry

metal

freezing points [Ohtsuka and Bedford (1982)]

Section 2.2.3.3.
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Figure 29 Mercury triple-point cell assembly. The sample holder is of
borosilicate glass; stainless-steel cells are also used, and are to be
preferred, see Figure 2.10. Cooling is started with air in the stainless-steel
jacket space. When the mercury cell is adequately cooled, the jacket is
evacuated to reduce the cooling, or subsequent heating, rate [Furukawa et
al. (1982)]

A."0" ring tube seal ; B. Thermometer well ; C. Ethyl alcohol in well ;
D. Indium gasket seal ; E. Insulation, rolled paper tissue ; F. Stainless steel
jacket ; G. Tubular connection for cleaning and filling; H. Insulation,
tissue paper rolled around (I) for centering; I. Copper foil cylinder;
J. Borosilicate glass cell ; K. Mercury; L. Thermometer cushion (fused
quartz wool) ; M. Stand for mercury cell ; N. Insulation (Aluminium silicate
wool)
Section 2.2.4.1.
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Figure 2.10  Freezing (F) and melting (M) curves for mercury in
borosilicate glass (BS) and stainless-steel (SS) cells [Furukawa et al.
(1982)]

Section 2.2.4.1, Figure 2.9.
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Figure 2.11 Gallium melting and triple-point cell [after Mangum and

Thornton (1979)]. N indicates nylon and T indicates teflon.

Section 2.2.4.2.
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Figure 2.12 Preparation and filling of a sealed cell suitable for the freezing
points of In, Sn, Zn, Al and Ag [Nubbemeyer (1990)] : (1) Parts ready for
baking in vacuum. (2) Join the graphite parts and the metal block of the
fixed-point cell. (3) Melt the metal block and lower the graphite well
completely. (4) and (5) Quartz parts ready for degreasing. (6) Assemble
crucible and quartz parts, seal the quartz, evacuate and fill with argon.
(7) Seal off. A mounted cell is shown in Figure 2.13(a).

Section 2.2.4.8.




Figure 2.13 (a) Sealed cell in an inconel-601 container for the In-, Sn-, Zn-,
Al-, and Ag-fixed point cells. Stainless steel can be used for Sn and Zn
fixed-point cells. The quartz is type GE214, the graphite is type UT-6ST
[Nubbemeyer (1990)]. (b) an alternative design using a silica outer
container, (1) graphite crucible, (2) metal ingot, (3) silica re-entrant well,
(4) graphite-disk shields, (5) pure silica wool, (6) argon atmosphere,
(7) graphite well [Crovini et al. (1987)]. For preparation of this cell see
Figure 2.12 and Section 2.2.4.8.
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Figure 2.14 Immersion-temperature effects for different thermometers in
the same ingot of tin or zinc [after McLaren (1959)]. The solid lines
indicate the calculated slopes, i.e. the hydrostatic effect alone. It can be
seen that thermometer A-1 in long-discontinued Leeds and Northrup
design at the freezing point of zinc never achieves adequate immersion
and the immersion of the Tinsley thermometer E-1 is marginal. By
contrast the Meyers thermometer S 155 has excellent immersion
characteristics at both the tin and the zinc points.

Sections 2, 2.24, 2244, 2.2.4.5, 2.2.6.3.
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Figure 2.15 Vapour pressure cryostat for equilibrium hydrogen. The
sample chamber (1) and thermometer wells (2) are drilled in a block of
OFHC copper (3) enclosed in a radiation shield (4) bolted to the base of
the block. This assembly is enclosed in another radiation shield (6),
connected to a gas-cooled refrigerator (5). Stainless steel shims (7) reduce
the thermal contact between the block assembly and the refrigerator.
The whole assembly is contained in an evacuated enclosure (8) suspended
above a bath of liquid helium by means of a thin-walled stainless steel
tube (9) 12,5 mm in diameter. The sample is filled through the stainless-
steel tube (10) which enters the sample chamber through the radiation
trap (11) and a subsidiary chamber (12) in which catalyst may be placed.
Hydrogen passes into the sample chamber through a sintered stainless-
steel disc (13). The vapour-pressure-transmitting tube (14) enters the
sample chamber through a radiation trap (15). Thermometer leads are
anchored at (16) and (17). Temperature control is by means of a carbon
resistance heater (19), platinum resistance thermometer (18) and an
external electronic controller. The heat sink for the controller is (b)
whose temperature is monitored by a carbon resistance thermometer (20).
The temperature of the outer case is controlled with the aid of a platinum
resistance thermometer (21) and carbon resistance heater (22) [Kemp and
Kemp (1979)].

Section 2.3.1.
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Figure 2.16 A selection of designs for sealed

all-metal triple point cells

[after Pavese et al (1984)]
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Figure 2.17 Cryostat for the realization of boiling and triple points of Ar

and O, [Kemp et al. (1976)]

ﬁor the cryostat shown in the figure, (1) is an outer vacuum case,
(2) a temperature controlled outer shield and (3) the cell containing the
sample. The cell consists of three parts:

(a) a lower gas-cooled refrigerator (4), to which is soldered a copper tube
(56) forming the effective thermal outer wall. This assembly is heated
by a carbon heater (6) and its temperature monitored by a miniature
platinum resistance thermometer (6a) ;

(b) an upper gas-cooled refrigerator (7) soldered to a thick-walled copper
thermometer pocket (8) in which the test thermometer is inserted with
Apiezon N grease. The thermometer pocket may be heated by the
carbon resistor (10) ;

(¢) the outer wall of the cell (11) consists of a thin walled stainless steel
tube 25 mm in diameter which isolates the test thermometer from the
heated outer wall (6) and the bottom of the cell.

The three parts of the cell are sealed together with indium-wire
seals. The radiation shield (2) is controlled adiabatically with respect to
the cell using a gas cooled refrigerator (12) as heat sink. The cold gas for
the refrigerators is drawn up from the liquid helium through vacuum
insulated tubes (13). The cryostat is suspended in a 100 cm deep helium
dewar such that the base of the cryostat is some 50 cm above the bottom
of the dewar. During operation the level of liquid helium is about 20 cm
below the base of the cryostat.

Section 2.3.2.
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Figure 2.18 Apparatus for the calibration of long-stem platinum
resistance thermometers at the argon triple point using a sealed cell:
(1) long-stem platinum resistance thermometer ; (2) stainless-steel body of
cell; (3) thermometer tube; (4) polyurethane foam; (5) solid-liquid
argon; (6) bath of liquid nitrogen; (7) helium in; (8) manometer;
(9) pressure control valve; (10) filling tube for liquid nitrogen ;
(11) cryostat [Bonnier (1987)].
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Figure 2.19 A schematic representation of a melt observed in a sealed
triple-point cell [after Pavese (1984)].
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3. PLATINUM RESISTANCE THERMOMETRY

3.1. Prarmum REsisTANCE THERMOMETER CONSTRUCTION

To be suitable as a standard platinum resistance thermometer the
resistor must be made of platinum of sufficient purity that the finished
thermometer will satisfy at least one of the following two relations

W(29,7646 °C) = 1,11807 @3.1a)
W(—-38,8344 °C) < 0,844235 . 3.1b)

A platinum resistance thermometer that is to be used at the silver

point must additionally satisfy the relation
W(961,78 °C) = 4,2844 3.2)

There are three types of standard platinum resistance thermometers
in common use: (a) capsule thermometers, (b) long-stem low- or medium-
temperature thermometers (often referred to as either standard long-stem
thermometers or simply long-stem thermometers, terms which, used on
their own, are usually meant to exclude the high-temperature long-stem
thermometers), and (c) high temperature long-stem thermometers (usually
referred to as high temperature thermometers).

The capsule-type thermometers are principally intended for use at
low temperatures (down to 13,8 K) ; they are often used up to 156 °C, and
sometimes up to 232 °C. The standard long-stem thermometers are
intended for the range 84 K (occasionally down to 54 K) to about 660 °C
(although those with mica insulation should not be used above 500 °C
unless the necessary steps are taken, at suitable intervals, to remove
water of crystalization from the mica, see also Section 3.1.2). The high
temperature thermometers are specifically designed for wuse at
temperatures up to the silver point.

Capsule and standard long-stem thermometers have ice-point
resistances of about 25,5 Q, giving a sensitivity of about 0,1 Q/K. High
temperature thermometers have ice point resistances that typically are
between 0,2 Q and 2,5 Q.

The platinum wire for all thermometers is obtained "hard drawn", as
it is somewhat easier to handle in this condition, but it is annealed after
the resistor is formed. The sensing elements of all standard resistance
thermometers have four leads. The resistor winding is usually bifilar, but
occasionally other low inductance configurations are used. A low
inductance is always advantageous, and is particularly important if the

thermometer is to be used in ac circuits.
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Platinum-to-glass seals provide the hermetic seal for the platinum
leads. Externally the platinum leads are soft-soldered to copper leads
that are mechanically secured to the head. For de¢ measurements,
satisfactory external copper leads can be made from commercially
available cable. Stranded leads which do not have individually-insulated
strands should not be used in dc measurements, as a single broken strand
may cause "noise" in the resistance thermometer circuits which is difficult
to locate and eliminate. For ac measurements PTFE or polyethylene
insulated leads should be used.

Use of a thermometer above its designated temperature range may
give rise to measurement errors resulting from electrical leakage ; this will
in general disappear on cooling. Irreversible faults are usually due to loss
of filling gas by diffusion through the glass seal, but may occasionally
result from overheating that has led to sagging of the platinum coil or
contamination of the platinum. The overheating may also affect the
calibration, particularly at low temperatures. It is not advisable to use
the same thermometer as a standard at high as well as at low

temperatures.

3.1.1 CAprsuLE PLATINUM RESISTANCE THERMOMETER

The capsule-type platinum resistance thermometer constitutes a
standard interpolating instrument between 13,8 K and 273,16 K (0,01 °C) ;
it is also extensively used up to 30 °C, sometimes to 157 °C and
occasionally to 232 °C. The platinum resistor is mounted much as in a
long-stem thermometer, but is inserted in a closed-ended platinum sheath
(typically of 5 mm diameter). The short (30 to 50 mm) platinum leads
.emerge through a glass seal to the sheath. The filling gas is usually
helium at a pressure of about 30 kPa at room temperature. A typical
design of a capsule-type, 25 Q thermometer is shown in Figure 3.1. The
electrical connections can be made with ordinary soldering techniques ;
the user should take care never to strain the leads where they emerge
from the glass seal.

Capsule-type platinum resistance thermometers are usually used
"totally immersed", meaning that they are generally inserted into a well in
a copper block. The connections are made to long fine copper wires

insulated with varnish or a similar coating, and these are thermally
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anchored to the block and to at least one other point within the cryostat
so as to reduce or eliminate heat flow into or from the thermometer.
When this is done correctly, the heat leaks through the leads produce an
effect that is much less than 0.1 mK [Hust (1970), Kemp et al. (1976)].

The ITS-90 lower limit for the platinum resistance thermometers has
been set at 13,8 K because at lower temperatures their resistance and
sensitivity becomes inconveniently small, and the low-temperature
characteristics become increasingly strain-dependent. To compensate for
the loss of sensitivity, measuring currents below 24,5 K are generally
increased from the 1 mA usually used above that temperature, up to
about 5 mA at 13,8 K. Even at this level, because of the low values of
resistance =102 =103 of Rtp in this range, the self-heating effect should
not exceed 0,2 mK.

There are no other special requirements for maintaining calibrated
capsule thermometers, beyond normal careful handling and measurements
at the triple point of water before and after use. The use of capsule-type
thermometers at high temperatures is limited by electrical leakage
through the glass seal, and diffusion of helium, also through the glass.
Calibrations up to 505 K (the freezing point of tin) are possible, especially
with air-filled thermometers, though the results at this temperature are

not likely to be of the best quality.

3.1.2 STANDARD LONG-STEM PLATINUM RESISTANCE THERMOMETER

Standard long-stem thermometers may readily be wused at
temperatures down to the argon triple point (= 84 K) and are sometimes
used down to 54 K. The thermometers normally designated by this term
are usually not designed for use above 660 °C, while a number of them
will deteriorate or fail if taken above 500 °C (see Section 3.2.2). Typical
designs of the resistance elements of 25 Q long stem thermometers are
shown in Figure 3.2. These are ususally mounted in silica tubes about
7 mm in diameter and filled with dry air at a pressure of about 30 kPa at
room temperature, Note that the self-heating (Section 3.2.5) and
immersion (Section 3.2.4) effects encountered using the design shown in
Figure 3.2 (b) are very much worse than those for the design shown in
Figure 3.2 (a).
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The insulation resistance between the leads of a 25 Q thermometer
must be greater than 70 MQ at 500 °C if the error introduced by
insulation leakage is to be less than the equivalent of 1 mK>l. For
thermometers for use up to 500 °C mica is often used as the insulation
material ; for thermometers to be used at higher temperatures the
insulation will be vycor, fused silica or alumina. The primary objections
to the use of mica at high temperatures are dehydration resulting in the
evolution of water vapour which leads to insulation breakdown, and the
presence of iron oxide impurity which, if reduced, leaves free iron that
will contaminate the platinum. The dehydration may start at a
temperature as low as 450°C, and is wusually encountered at
approximately 540 °C. Significant dehydration will render the mica more

susceptible to deterioration from mechanical shock.

3.1.3 HicH-TEMPERATURE PLATINUM RESISTANCE THERMOMETER

In the ITS-90 the upper limit to the range in which the platinum
resistance thermometer is the defining instrument is the freezing point of
silver, 961,78 °C. This is some 300 °C higher than the upper limit for
resistance thermometers in the 1927, 1948 and 1968 international scales.

The critical factors in the successful operation of a platinum
resistance thermometer at high temperatures are reducing effects of
electrical leakage, achieving and maintaining the cleanliness of the sheath
and preventing metallic contamination of the sensor. The detailed design
of the thermometer seems to be of secondary importance as two or three
quite different but equally successful designs have been made.

A fundamental requirement for such a thermometer is that the
electrical resistance of the sensor be low enough to reduce the effect of
the electrical leakage across the insulators at high temperatures to a
tolerable level, yet be high enough to provide adequate measurement
sensitivity. These competing requirements have sharply limited the range
of suitable thermometer resistances : at present the acceptable range for
Rtp’ the resistance at the triple point of water, is roughly from 0,25 Q to

2,5 Q, these two figures are used for the two thermometers in Figure 3.3a

3.1 A leakage equivalent to 1 mK does not imply a measurement error of that amount. If
leakages are exactly repeatable at all temperatures, much of the effect is compensated in the
calibration procedures. However, in general leakage resistance is variable with time, and a
substantial part of the effect emerges as an error.
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and b. In recent years, advances in commercial resistance-measuring
bridges have substantially reduced the problems of high-accuracy
measurement of low-value resistors, so that, even for the low-resistance
thermometer, measurements can now be made easily and accurately. In
consequence of this and their reduced electrical leakage errors these low
resistance thermometers are now the recommended instruments.
Experiments by Li Xumo (1989) indicate that the effects of leakage
resistance across the insulators at the silver point amount to no more
than one or two millikelvin for the 2,5 Q thermometer and one tenth of
this for the 0,25 Q thermometer. For cleanliness of the sheath, see
Section 3.2.3.

As regards the protection of the platinum elements from metallic
contamination, Marecarino et al. (1989) have shown that Ni, Cr and Fe ions
can permeate fused silica at temperature above about 960 °C. Their
experiments suggest that the metal ions can be prevented from
contaminating the sensor by flushing with a slow gas flux along the
thermometer surface. Jung et al. (1989) have concluded that for operation
at temperatures above about 800 °C the only reliable method of
protection is to enclose the thermometer in a platinum sheath. The
thickness of the sheath need not be great, they found that a platinum
tube with a wall thickness of only 0,1 mm was adequate, but that it was
essential to clean the inside of the platinum sheath very carefully. They
recommend flushing with a hot solution of 50% fuming nitric acid and
water. Precautions should be taken to prevent excessive heat loss along
the platinum sheath at high temperatures. Furnaces should be designed
to include an additional barrier of graphite or alumina about 1 em thick
between any metal liner or heat-pipe and the central block containing the
thermometer well. The central block itself should of course be made of

ceramic material or graphite.

3.2. Pratmnum REsisTaNcE THERMOMETER USE
3.2.1 MEcHANICAL TREATMENT AND SHIPPING PRECAUTIONS
A standard platinum-resistance thermometer is a delicate

instrument. Shock, vibration, or any other form of acceleration may

cause the wire to bend between and around its supports, thus producing
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strains that change its temperature-resistance characteristics. Strains in
the platinum resistor normally will both increase the resistance and
decrease the values of W above 0,01 °C (or increase the values of W below
0,01 °C). Careless day-to-day handling of a thermometer over a one year
period has been observed to increase its resistance at the triple point of
water by an amount equivalent to 0,1 K. Depending on the reason for
this change in Rtp, unless the thermometer is then recalibrated it could
lead to temperature errors as high as 10 mK. Similar changes may be
caused by an apparatus that transmits vibrations to the thermometer, or
by shipping the thermometer in an unsuitable container. For capsule
resistance thermometers, the existence of small changes in W can readily
be detected by checking for accompanying changes in low temperature
(e.g., liquid helium temperatures) residual resistance.

It is advisable to hand-carry a thermometer to maintain the
integrity of its calibration. If a thermometer must be shipped, it should
first be placed in a rigid and moderately massive container that has been
lined with soft material which conforms to the thermometer shape and
protects it from mechanical shocks or vibrations. This container should
then be packed in an appreciably larger box with room on all sides for
soft packing material that will substantially attenuate the shocks that
might occur during shipment.

A thermometer should, of course, be stored in a way that minimizes

the likelihood of its receiving appreciable mechanical shock.

3.2.2 THERMAL TREATMENT

If properly used and constructed, standard platinum resistance
thermometers are not greatly susceptible to permanent damage from
cycling within their intended operating temperature range. However, it
should be noted that the metal-to-glass seals of capsule-type
thermometers may be broken by extremely rapid cooling, e.g., when a
capsule thermometer that has been at room temperature is suddenly
immersed in liquid nitrogen.

The upper temperature limit of a long-stem resistance thermometer
is determined by the softening point of any of the material, usually the
protecting sheath, used in its construction ; by the temperature at which

the thermometer was annealed before calibration; by the evolution of
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water and other contaminants from the sheath and insulators; or by
grain growth in the platinum wire. Changes resulting from operation at
too high a temperature are a function of time and temperature and in
general are predictable in only a qualitative way. Thermometer sheaths
of borosilicate glass soften noticeably at temperatures above 500 °C ; their
use even at 500 °C is limited to a few hours unless they are specially
supported to prevent deformation. Fused-silica sheaths can be used for
measurements up to 960 °C. Platinum grain growth has been observed in
thermometers that have been used over a period of several hundred hours
at 420 °C; growth is, of course, more rapid at higher temperatures. The
larger grains are undesirable in that they result in greater susceptibility
to changes in resistance and in the value of W that are caused by
mechanical shock, or even by repeated thermal cycling. Also, coiled-coil
platinum resistance thermometers can short-circuit one or more turns
after repeated thermal cycling to high temperatures.

Most long-stem thermometers are annealed during manufacture at
450 °C or higher. However, if this anneal was inadequate, or if the
thermometer has been strained by mechanical shock since it was last
annealed, then operation at temperatures above 450 °C may result in
resistance changes due to further annealing. If strains are sufficiently
severe noticeable annealing will occur at temperatures as low as 100 °C.
This further annealing process has some beneficial aspects in that the
thermometer sensor will tend to return to the metallurgical state that it
was in during its previous calibration. Prior to their calibration, long-stem
thermometers are typically annealed at about 450 °C or at their upper
working temperature limit, whichever is higher, for up to 4 hours. The
comparison of the resistance values of an originally-strained thermometer
at a fixed point before and after annealing will show a shift downward in
resistance and, usually, a shift upward (or down far for points below
0,01 °C) in W.

In measurements using platinum resistance thermometers at
temperatures above 500 °C the difficulties discussed above are likely to be
aggravated or their onset accelerated, and care should be taken at the
manufacturing stage in baking and evacuating (where possible) the
thermometer after assembly but before final annealing. Also, care should
be exercised to avoid too rapid cooling. Rapid quenching from 660 °C may
freeze in high-temperature dislocations or other crystal defects, resulting

in an increase in Rtp that may amount to the equivalent of 1 mK or even
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more. Provided that the cooling rate between 660 °C (after 15 minutes
annealing at that temperature) and 450 °C does not exceed 100 °C/h, no
detectable freezing in of defects occurs.

After using a high-temperature resistance thermometer at
temperatures above about 700 °C, the thermometer should be annealed
before making measurements at lower temperatures, in particular before
making the measurements of Rtp. A suitable annealing pfocedure is a
2 hour anneal at 700 °C at the end of which the furnace containing the
thermometer is allowed to cool naturally over a period of a few hours to
450 °C where it is held for a further 30 minutes to one hour, after which
the thermometer may be removed and allowed to cool quickly to room
temperature. Thermometers used at temperatures above 450 °C but less
than 700 °C should first be annealed for one to two hours at the
maximum temperature of operation, and then the above procedure for
cooling to 450 °C and then to room temperature should be followed.

Thermometers that are used at temperatures above 600 °C will in
time become very fragile, especially when hot. Great care must then be
taken in removing them from the furnace; the removal, nevertheless,
should be done reasonably Quickly and they should be stored hanging
from their heads in vertical protection tubes.

' If the precautions outlined in this Section and in Section 3.2.3 are
taken, particularly as regards cleanliness (Section 3.2.3) and protection
from metallic contamination, a high-temperature resistance thermometer
should allow measurements to be made having a reproducibility of a few

millikelvins at all temperatures up to the silver point.

3.2.3 DEVITRIFICATION

Protection from contamination of the element and from
devitrification of the sheath becomes increasingly difficult at higher
temperatures. Before using a quartz or silica-sheath platinum resistance
thermometer above 100 °C it should be carefully cleaned with pure
ethanol and dried with clean paper or cloth. This serves to remove all
traces of finger prints that would otherwise be fixed as patterns of
devitrification at high temperatures. Devitrification is an irreversible
phase transition that converts quartz glass to a milky, brittle and gas-
permeable substance. It may occur at high temperatures and is

catalytically enhanced by alkali. First significant traces of devitrification
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of the outer surface of the sheath should be removed by sandblasting

with alumina powder in order to stop this process.

3.2.4 THERMOMETER IMMERSION

A thermometer is sufficiently immersed when there is no change in
indicated temperature with additional immersion in a constant
temperature environment. Checking the adequacy of immersion is a simple
matter provided that the measured temperature is uniform along the

immersed length of the thermometer®?2

and is constant in time, as for
instance, in the case of the fixed point cells designed to be used with long-
stem thermometers (Section 2.2); in addition the thermometer must be
protected from intrusive, or escaping radiation. Although simple, these
requirements are exacting and the checking process is, in practice, a
lengthy one (several hours for measurements at a single temperature). A
prior knowledge of what is likely to be an adequate immersion is
frequently necessary and always desirable.

The immersion required to exploit the full accuracy of the
thermometer is highly dependent both on the temperature being measured
and on the thermometer design. The latter should, of course, facilitate
radial and inhibit longitudinal thermal radiation by use of a series of
radiation baffles, and in addition to prevent radiation piping (Section
3.2.6) by roughening or, in severe cases, by blackening one of the surfaces
(normally the outer one) of those thermometers that have transparent
(glass, quartz or saphire) sheaths.

Where radiation piping has been inhibited, the remaining
longitudinal heat flow is likely to be roughly the same for all standard
thermometers at a given immersion and temperature. At low
temperatures (<420 °C) the required immersion is then a function of the
radial thermal conductivity between the sensing element and the sheath
(assuming adequately high conductivity in the measured substance), and
this radial conductivity is inversely proportional to the self heating arising
from the thermometer measuring current. This self heating can be easily
and quickly determined (Section 3.2.5). At the triple point of water, using

a 1 mA measuring current in a 25 Q thermometer, it can vary from about

3.2 This discussion assumes the use of a long-stem thermometer. For capsule thermometers
the requirement is that the entire thermometer be at the temperature being measured and
that its leads be adequately thermally-anchored to that temperature.
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0,35 mK (Meyers thermometer) through 0,65 mK (Leeds and Northrup
thermometer) to over 3 mK (Tinsley thermometer). The required
immersion depths vary accordingly.

Although at temperatures above room temperature the required
immersion depth initially increases with temperature, a maximum is
reached at temperatures in the region of 400 °C to 500 °C, after which the
rapidly rising radial heat transfer by radiation causes it to fall slightly ;
this is still on the assumption of the presence of adequate longitudinal
radiation baffles and the inhibition of radiation piping. Data on this, and
other, immersion effects are in short supply, see below ; for the admirable
Meyers platinum resistance thermometer (now no longer made, but
somewhat akin to recent Leeds and Northrup thermometers) adequate
immersions (of the thermometer tip) at 0 °C, 230 °C, 420 °C and 630 °C
are about 11 cm, 14 ecm, 17 cm and 14 cm respectively. (These are for
measurement precisions of the order of or better than 0,05 mK, 0,1 mK,
0,2 mK and 0,5 mK, also respectively). A Tinsley thermometer requires
about 23 cm immersion at 230 °C and about 27 cm at 420 °C. An old and
long-discontinued Leeds and Northrup design is not adequately immersed
even at a depth of 32 cm at 420 °C (Figure 2.14, thermometer A-1).

A large number of measurements on the effects of immersion depth
have been published ; unhappily many of these are unreliable. Much of
this unreliability is because radiation piping is still only infrequently
eliminated ; some results from anomalous temperatures in that part of the
thermometer body that is outside the uniform temperature zone (e.g. close
to the ice point, rather than at room temperature, for triple point of
water measurements); many measurements show an internal
inconsistency that strongly suggests inadequate measuring techniques.
Immersion data are as yet almost entirely lacking for the recently
developed high-temperature (960 °C) platinum resistance thermometers.

Advice for those wishing to be assured of being able to obtain
precisions within a factor of two or three of those quoted above, is
roughly as follows. Obtain a thermometer of good design that can be
adequately immersed ; in general the larger the self heating effect the
greater the immersion required for a given precision and the longer the
time constant. Ensure that it is not subject to radiation piping
(Section 3.2.6) unless it is to be used only at 100 °C or less, in which case
it must be shielded from all natural or artificial light. (Metal-sheathed

thermometers obviously need no further radiation shielding but the
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conduction down the sheath is usually such as to require deeper
immersion.). Immerse the thermometer from 15 cm to 20 cm between
—50 °C and 50 °C, and from 20 cm to 27 cm at 200 °C and above.

3.2.4.1 HyprosraTic Pressure EFFecTs

Adequate immersion in practice implies an error due to the
hydrostatic pressure effect of the molten liquid3'3, see Table 2.1. This
effect can provide a useful check both of overall measurement sensitivity
and of adequate immersion. If the thermometer can be shown to provide
a linear portion of the immersion curve having the slope deduced from
Table 2.1, as is the case in Figures 2.14 and 3.4, the measurement system
has both adequate immersion and adequate (x=0,1 mK) discrimination ;
the latter would not be evident in the absence of the hydrostatic pressure
effect, as the resulting constant reading might, particularly in automated
systems, result from a system fault.

For fixed point cells that provide less than 20 cm of immersion
within the liquid-solid interface for a long-stem thermometer (this
includes all of those illustrated in Section 2.4, which show maximum
immersions varying from =12 cm to =19 cm), it is necessary either to
restrict their use to the calibrations of thermometers known to have
excellent immersion characteristics, or else to extend, though with a much
reduced precision, the effective immersion length. This extension can
often be easily accomplished by controlling the furnace temperature at
the level of the emergent stem of the thermometers to within a few
kelvins of the fixed point temperature. Such control is facilitated by the
existence of end heaters on the furnace, the use of a heat pipe, or, in
particular, the existence of a specially-provided heater for the emergent
stem (Figure 2.6, Item 4) monitored by thermocouples (Item 5). The
effectiveness of such a system can be checked in the standard way: by
taking careful measurements to confirm that the hydrostatic pressure

effect (Table 2.1) is being accurately tracked.

3.3 In theory, a horizontal well would effectively obviate this and hydrostatic head tracking
has in fact been confirmed by tilting fixed point cells away from the vertical position.
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3.2.5 SeLr Heatmne ErrFects

The measurement of resistance necessarily involves passing a
current through the resistor, with a consequent dissipation of heat that
results in a heating of the sensor wire above the environmental
temperature. Typical steady-state profiles of the radial temperature
distribution caused by currents of 1 mA flowing in two 25 Q platinum
resistance thermometers of differing construction and inserted in a water
triple-point cell are shown in Figure 3.5. The internal self heating effect of
a thermometer (i.e., the value of AT, the temperature difference between
the platinum resistor and the outside of the wall of the protecting sheath)
at a given environmental temperature is a function only of the
thermometer construction and the current. It is, therefore, the same
during calibration and use (assuming that the thermometer resistor does
not move within its protecting sheath). At the triple point of water the
internal heating effect is typically between 0,3 and 1,2 mK/mA2 and can
range up to 4,5 mK/mA2 It should be noted that variations in self-
heating effects can be 0,2 mK/mA? or more between thermometers of the
same design. If the thermometer is used with the same current that was
used during its calibration, the same internal heating effect occurs and
hence the same temperatures (at the calibration temperatures) appear at
the outside of the sheath wall (neglecting any radiation effects, see
Section 3.2.6).

There is also an external self heating effect (also illustrated, both for
water and for a close-fitting aluminium sheath, in Figure 3.5) outside the
thermometer sheath. This arises because the generated joule heat must
flow to some external heat sink. The total heating effect (combined
internal and external) can easily be determined by extrapolating to the
resistance that would be measured at zero current. To determine the
internal heating effect only, the experimental conditions must be such
that the external heating effect is negligible ; this condition can be closely
approximated by directly immersing the thermometer in an ice bath
wherein the solid ice particles are in contact with the thermometer
sheath, or (if one cares to risk breaking a brittle thermometer) in a tin or
zinc freezing-point apparatus in which the metal freezes directly on the
thermometer. (The metal must be remelted and the thermometer
removed before cooling many degrees below the freezing point or the

thermometer will be crushed.) For precise work, the zero-current
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resistance is normally calculated from resistance measurements at two
currents in the ratio of 1 to v 2 (to take account of the square law
relationship). A slight improvement in precision and a degree of internal
checking may be achieved by making three measurements at current
ratiosof 1 : v/ 2 : 1.

Any material that intervenes between the thermometer well and the
region to be measured should preferably be highly conductive (compare
the results for water and glass, and those for aluminium, water and glass
shown in Figure 3.5). It is essential that this intervening material does
not undergo an exothermic or endothermic reaction at the temperatures
involved ; such reactions are more common than may generally be
supposed, and should be carefully checked for.

In many applications at high temperatures a thermometer must be
used in a protective well with air as the transfer medium. In such cases
heating effects can be quite different from those which exist during
calibration, and their measurement is essential if the instrument is to be

used to its full precision.

3.2.6 RapiaTioN ErrFeCTS

Another source of heat flux to and away from the platinum coil, and
consequently a possible source of error, is thermal radiation. If the
sensor can "see" a surface that is appreciably hotter or colder than that
being measured, the power gained or lost by the resistor will result in its
temperature’s being changed. In triple point of water measurements,
thermal radiation from lights in the room which is incident upon the
emergent stem of the thermometer or which has access to the inner wall
of the triple point cell can easily produce an error of up to 0,2 mK. The
water triple-point cell should, therefore, be immersed in an ice bath in
which no extraneous radiation from sources above room temperature can
reach the sensor of the thermometer (see Figure 2.1). If this precaution is
omitted, even with radiation entry restricted to the top of the cell a
thermometer may require an immersion below the vapour-liquid level of
35 cm (which is seldom available) instead of the less than 15 em that for a
thermometer with excellent immersion characteristics, otherwise suffices
for it to achieve an accuracy approaching 0,05 mK, see Figure 3.4 (a). At

higher temperature (630 °C) escaping radiation can result in an error as
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large as 35 mK can occur (Figure 3.4 (b)) for a thermometer with a clear
fused-silica thermometer sheath.

This heat loss or gain is due to "light piping". In this process
radiation losses occur due to total internal reflections within the wall of
the thermometer sheath. This error can be very substantially reduced by
roughening by sand blasting, or effectively eliminated by coating with
graphite paint, the lower ‘part of thermometer sheath from just above the
sensor for some 15 to 20 cm. The same mechanism can affect the
apparent temperatures of fixed point cells having transparent, polished,
inner walls. These are less easily dealt with by sand blasting or painting,
but it is a fairly simple matter to arrange that they ’see’ only opaque
surfaces substantially at their own temperature, and they suffer no net

loss or gain of heat.

3.2.7 EFrFECT oF OXIDATION, PARTIAL PRESSURE OF OXYGEN

The partial pressure of oxygen in a platinum resistance thermometer
should be of the order of 2 kPa. Changes in resistance of a thermometer
due to oxidation of the platinum will occur if the surface of the platinum
sensor is clean and the partial pressure of oxygen contained in the
thermometer is in the commonly-used range of 5 to 11 kPa [Berry (1980,
1982a, b)]. Under these conditions the changes are roughly as follows: A
surface film of platinum oxide forms in the range —40 to 300 °C that can
cause R(t) to increase at rates of up to the equivalent of 0,5 mK per hour
initially ; platinum oxide forms in the body of the wire in the range 300 to
500 °C that can cause R(f) to increase by up to the equivalent of several
mK per hour. When the oxides dissociate (above 450 °C for the two
dimensional and above 520 °C for the three dimensional case) R() will
decrease (often in an abrupt manner) to about its original value. The
ratio W(t) changes very much less (in equivalent temperature) than either
R@®) or Rtp individually ; however, this requires that W() be calculated
from a pair of resistance measurements with the sensor in substantially
equivalent states of oxidation. An example of this reduced apparent error
is a thermometer that had its Rtp increased by the equivalent of 100 mK
exhibited corresponding decreases in W(t) at 100 °C, 23 °C and 420 °C
equivalent to only 2 mK, 8 mK, and 25 mK respectively. To restore full

accuracy in such a case, the oxide layers must be dissociated.
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The moderately good stability of the resistance ratio during
platinum oxide formation (and dissociation) reduces the problem to a
manageable level in most cases. The main difficulty in high precision work
is that both R(f) and Rtp must correspond to the same oxidation state,
and hence Rtp must be remeasured frequently if the oxidation or
dissociation are causing substantial resistance drifts. Particular care may
be necessary when the thermometer passes from an oxidizing to a
dissociating temperature zone.

Fortunately, good construction practice can effectively eliminate this
problem. Difficulties due to oxidation are greatly aggravated if the partial
pressure of oxygen is in excess of 10 kPa, so that air at atmospheric
pressure should never be used. Oxygen pressures lower than 3 kPa, on
the other hand, reduce the oxidation problem to negligible proportions
(because internal oxidation does not then occur). These must, however,
be at least 1 kPa partial pressure of oxygen in the thermometer in order
to prevent contamination of the sensor by metallic impurities reduced
from their oxides. A filling pressure of 2 kPa is an excellent compromise,

satisfying both requirements.

3.3 MATHEMATICS

The mathematics associated with calibrating a platinum resistance
thermometer and measuring temperatures on the ITS-90 with it are
relatively simple and need not involve iterative calculations.

The equations given in the text of the ITS-90 relate a resistance

ratio W to T90 or to t90 where

W(Tyo) = R(Ty,)/R(273,16 K). (3.32)

Wityo) = R(ty,)/R(0,01 °C). (3.3b)

The denominator in equation (3.3), the reference resistance i.e. the
resistance of the thermometer at the reference temperature, is the
resistance at the triple point of water and not that at the ice point. (The
reference resistances were those at the ice point for the 1927, 1948 and

1968 international scales.)
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The relationship between the resistance ratio (W) and the
temperature (Tgo) for a thermometer under calibration is determined in
terms of its deviation from the corresponding relationships of two
reference thermometers, one covering the temperature range of 13,8033 K
to 273,16 K, the other that from 0°C to 961,78 °C. The reference
thermometer relationships are defined by two reference functions of
W, T,,) against Ty, (see equations (3.6), (3.7), (3.9) and (3.10)). The
deviation of the calibrated thermometer is defined by deviation functions
covering the two ranges given above, and a number of subranges (see
equations (3.4), (3.8), (3.11) and Table 3.1). The subranges have been
made available for users requiring, or perhaps having only thermometers
capable of, restricted temperature excursions.

The existence of the subranges implies the existence of a variety of
values of T, for a given value of W for a given thermometer. For nearly
all cases, this variation in T,, does not greatly exceed the intrinsic
imprecision of a thermometer and associated measurement uncertainties,
see Section 1.3.2 and Figure 1.6. It is believed that these sub-range
differences do not exceed the differences between measured values of Ty,
that may result from the use of two thermometers used to measure a
given temperature T on either a single sub-range of the ITS-90 or on any
one of the earlier international scales (see Figure 1.5).

Wr(TQO) is continuous in its first and second derivatives throughout
the whole range 13,8 K to 1235 K. The deviation function for a particular
range or subrange gives continuity of the first two derivatives except in
the case of the range 0 °C to 961,78 °C, in which the second derivative
continuity is lost at 660,323 °C. However, practically speaking this
second-derivative discontinuity at 660,323 °C is smaller than the
uncertainty of the second derivative of W(Tgo) - Wr(Tgo) resulting from
the calibration uncertainties. Somewhat similarly, the first and second
derivatives at 0,01 °C as given by equations (3.4) or (3.5) are equal to
those given by equation (3.8) to within the uncertainties stemming from
the ITS-90 non-uniqueness (see Section 1.3.2). No discontinuity in the first
two derivatives is caused by equation (3.11).

The alternative definitions provided by equations (3.6) and (3.7) and
by equations (3.9) and (3.10) allow the temperature to be obtained from a
measured resistance or the resistance to be obtained from a given

temperature in a direct way, i.e. without iteration.
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3.3.1 TemMPERATURE RANGE FroMm 13,8033 K To 273,16 K

From 13,8033 K to 273,16 K the following deviation functions are
used:

W(Ty) - W (Tyy) = a[W(Ty,) - 1] + b[W(Ty,) - 1]2

3 e [IW Ty (3.4)
i=1
or
W(Typ) - W (Typ) = a[W(Ty) - 1] + b[W(Tyy) - 1]In W(Ty,) . (3.5)

Equation (3.4) is used in the following subranges:
13,8033 K to 273,16 K:m =5 n=2;
24,5561 K t0 273,16 K: m =3, n=0; and
54,3584 Kt0 273,16 K:m=1,n = 1.

Equation (3.5) is used from 83,8058 K to 273,16 K.
In the temperature range from 13,8033 K to 273,16 K the reference
function W (T,,) is defined by the following equations:

i

12 In(T,,/273,16 K) + 1,5
In[W,(Tyy)] = A, + zlAi 20 = ] (3.6)
i= ]
or
i
15 W.(Too)'® - 0,65
Tgp/273,16 K = B, + 3 B; i 9‘},) 15 3.7
i=1 g

The coefficients Ao, Az. and BO, Bi are set out in Table 4 of the text
of the ITS90. Equations (3.6) and (3.7) represent the same relation to
within £ 0,1 mK.

Note: In equations (3.4) and (3.5), Wr(Tgo) can replace W(Tgo) in the

right-hand side but, of course, different coefficients will then be found.
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3.3.2 TEMPERATURE RaNGE F'rRoM 0 °C To 961,78 °C

From 0 °C to 961,78 °C the following deviation function is used

W(Ty) - W (Tyo) = a[W(Tgo) -1] + b[W(Tgo) - 1]2 + e[W(Ty) - 1]3
+ d[W(Ty,) - W(660,323 °C)]? (3.8

where d = 0 for W(TQO) < W(660,323 °C). The number of terms in the
right-hand side of equation (3.8) depends on the particular subrange as
follows, with a, b, ¢ being calculated withd = 0 :
0°C to 961,78 °C : all terms are used (Table 3.1)
0 °C to 660,323 °C: d =0 |
0 °C to 419,527 °C :
0 °C to 231,928 °C :
0 °C to 156,5985 °C :
0 °C to 29,7646 °C :

[
Q
1]

It
v}
Il Il
[~ R~ N )
I

& & & &
1] i

[v] (v}

]

L= =]

In the temperature range from 0 °C to 961,78 °C the reference

function Wr(Tgo) is defined by the following equations:

9 [ Tyo/K-754,15 7"
WiToo) = C, + 2.G [ = —mr— (39)
1=
or
9 W(Tyy) - 2,64 71"
Too/K -273,15=D, + 3. D; “%‘“ :] (3.10)
i1 ’

The coefficients Co, C; and D, D, are set out in Table 4 of the text of
the ITS-90. Equations (3.9) and (3.10) represent the same relation to
within + 0,08 mK from 0 °C to 660,3 °C and to within * 0,13 mK from
660,3 °C to 961,8 °C.

Equations (3.6) and (3.7) coincide with the equations (3.9) and (3.10)
from —-10°C to 10°C to within + 0,1 mK. They are practically
indistinguishable from 0 °C to 0,01 °C.

Note: In equation (3.8) Wr(TQO) can replace W(TQO) in the right-hand

side but, of course, different coefficients will then be found.
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3.3.3 TeMPERATURE RANGE FrROM — 38,8344 °C T0 29,7646 °C

From -—38,8344 °C to 29,7646 °C the following deviation equation is
used:
W(Tyo) - W, (Typ) = a[W(Tyy) - 1] + b[W(Ty,) - 1]2 . @3.11)
Wr(Tgo) is given directly either by equation (3.6) or equation (3.9)
depending on the value of T,,- For this range the differences between
equations (3.6) and (3.7) below 0 °C, and between (3.9) and (3.10) above
0 °C are less than 0,06 mK.

Note: In equation (3.11) W_(T,,) can replace W(T,,) in the right-hand

side but, of course, different coefficients will then be found.
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TABLE, F1GURES AND REFERENCES
TABLE 3.1

Deviation functions and calibration points for platinum resistance thermometers in

the various ranges in which they define T,

. (2) Ranges with an upper limit of 273,16 K

Section®4 Lower Deviation functions®® Calibration points3'6
limit
5 .
3.3.1 13,803 3K alW(,) - 1] + bW, ) - 112+3X e, lin w(T, )]"", n=2 2to9
i=1
3.3.1.1 24,556 1 K As for 3.3.1 with ¢,=c,=0andn =0 2,5t09
3.3.1.2 54,358 4 K As for 3.3.1 withe, =c_ = ,=C,=0andn=1 6to9
3.3.1.3 83,805 8 K a[W(TQO) -1] + b[W(Tgo) -1] In w(r, ) 7to9
(b) Ranges with a lower limit of 0 °C
Section Upper Deviation functions3-® Calibration points3‘6
limit
83277  96L78°C  alwr,)- 1] +bIWa,) - 11* welWer,) - 11° 9, 12 to 15
+d[W(, ) - W(660,323 °0))*
3.3.2.1 660,323 °C As for 3.3.2 withd = 0 9,12to 14
3.3.2.2 419,527 °C As for 3.3.2 withe =d = 0 9, 12, 13
3.3.2.3 231,928 °C As for 3.3.2 withc =d =0 9,11, 12
3.3.2.4 156,5985 °C  As for 3.3.2 withb=c=d =0 9,11
3.3.2.5 29,7646 °C  Asfor 3.3.2 withb=c=d =0 9, 10

(c) Range from 234,3156 K (- 38,8344 °C) to 29,764 6 °C

3.3.3 As for 3.3.2 withec =d =0 8 to 10

3.4 These numbers refer to sections in the text of the ITS-90 (see Appendix 1).

3.5 Note that the values of the coefficients a, b,cc A and d in the deviation functions depend upon the range or
sub-range in which they were obtained.

3.6 See Table 1.1.

3.7 Calibration points 9, 12 to 14 are used with d = 0 for t90 < 660,323 °C ; the values of a, b and ¢ thus obtained
are retained for tao > 660,323 °C, with d being determined from calibration point 15.
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FIGURES

Figure 3.1 A typical 25 Q capsule-type platinum resistance thermometer:
A platinum sheath 5 mm in diameter and 50 mm long; B the two glass
tubes containing the 0,07 mm diameter coiled Pt wire ; C flame welds to
platinum leads ; D glass/platinum seal.

Section 3.1.1.
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Figure 3.2 Typical designs of 25Q long-stem platinum resistance
thermometers.
Section 3.1.2.
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Figure 3.3 Typical designs of high temperature platinum resistance

2,5 Q.
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Section 3.1.3.
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Figure 3.4 (a) Depth-of-immersion effect in a triple point of water cell for
a well-designed (Meyers) platinum resistance thermometer with the
emergent stem substantially at room temperature [after Ancsin and
Murdock (1990)] Section 3.2.4. (b) Depth-of-immersion effect at 631 °C for
a well-designed (Meyers) platinum resistance thermometer with the
emergent stem exposed to room temperature and with the stem clear,
permitting radiation piping and with the stem blackened to prevent such
piping [after McLaren and Murdock (1966)] Sections 3.2.4 and 3.2.6. (c)
Progress to equilibrium of a typical glass water triple-point cell [Ancsin
and Murdock (1990)] Section 2.1.3.
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Figure 3.5 Calculated self-heating effects in water-triple-point cell [after
Riddle et al. (1973)]

Platinum resistance thermometers at 33 cm immersion in a water-triple-
point cell

A. Platinum coils of coiled filament thermometer ; only coils of one side
are indicated ; B. Platinum coils of single layer helix thermometer ; only
turns of one side are indicated; C. Borosilicate glass thermometer
envelope ; D. Water from ice bath ; E. Aluminium bushing (length not to
scale) ; F. Borosilicate glass thermometer well; G. Ice mantle; H. Inner
melt ; J. Water in cell; K. Cell well (borosilicate glass); L. Outside ice-
water bath ; N. Polyurethane sponge.

Sections 2.1.3.5, 3.2.5.
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T1 Temperature profile for thermometer B with an inner ice-water
interface and the thermometer immersed in water.

T2 Temperature profile for thermometer B with no inner interface,
thermometer immersed in water.

T3 Temperature profile for thermometer A with an inner ice-water
interface and an aluminium bushing.

Ttp Triple-point temperature corrected for hydrostatic pressure.
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4. THE 3He AND “He VAPOUR-PRESSURE SCALES
AND PRESSURE MEASUREMENT

4.1 Varour Pressures or HELIUM (0,65 K to 5,0 K)

In the range 0,65 K to 5,0 K the ITS-90 is defined using equations
relating the vapour pressures of >He and %He to Ty (see Equation 3 and
Table 3 of the text of ITS-90). The techniques by which helium vapour
pressures can be set up and measured are described in this section.

There are three principal requirements for any vapour pressure
thermometer: to arrange for a volume of the pure liquid and vapour
phases to come to thermal equilibrium; to measure absolutely the
pressure at the (plane) interface; and to know the vapour pressure-
temperature relationship. The following sections address these

requirements.

" 4.2 Vapour Pressures ReLaTtions For HELIuM

The vapour pressure relations for helium are of the form:
9 .
Too/K=Ay+ 3 A; [ (n(/Pa)-B)/C ]1° @.1
i=1

Values of the constants AO, A, B and C are given in Table 3 of the
text of the ITS-90 for the three ranges: 0,65 K to 3,2 K for He; 1,25 K to
2,1768 K for *He (*He ID*!; and 2,1768 X to 5,0 K also for *He (*He D%!.
The %He equations coincide at the lambda point (2,1768 K, 5041,8 Pa) with
a first derivative dlnp/dT90 of 2,461 K'1. In deriving these equations no
constraints were placed on the second derivative, which physically is
discontinuous at this point.

The upper temperature limits for the use of the two isotopes were
chosen to be somewhat below the critical points, since the specification of
the relationships and the measurement of vapour pressures become
matters of some difficulty as the critical point is approached. The lower
temperature limits are such that the vapour pressures are still not less
than 100 Pa; at pressures below 100 Pa the inaccuracies of the vapour

pressure thermometers are likely to be more than the + 0,5 mK which was

4.1 In the phase equilibrium diagram of *He the liquid phases of “He above and below the
lambda line are distinguished by referring to them as to He I and He II respectively. The
properties of ‘He 11 are very different from those of ‘Hel
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considered appropriate for the ITS-90, see Figure 4.1. It was also the
intention to keep open the option of extending the scale to lower
temperatures by other means.

The equations adopted in the ITS-90 are a restricted set of those
derived by Rusby and Durieux (1984), which themselves were simplified
forms of the equations of Durieux and Rusby (1983) that were approved
by the CIPM (1982) following the introduction of the EPT-76 [BIPM
(1979)]. The unrestricted forms are useful for those choosing to use them

at temperatures close to the critical points or below 0,65 K.

4.3 HerLwM VApPoUR-PRESSURE THERMOMETRY
4.3.1 ‘He

In its simplest form a vapour-pressure thermometer consists of a
vessel containing the liquid in equilibrium with its vapour.

For “He (both “He I and “He II) the liquid is typically contained in a
cryostat or storage vessel with appropriate precautions for reducing heat
influx and hence the rate of evaporation. A schematic illustration of a
cryostat for calibrating capsule thermometers is given in Figure 4.2a.

In this cryostat the refrigerating liquid is also the thermometer
liquid. The manometer (not shown) senses the vapour pressure via a tube
inserted into the vapour space and terminating close to the liquid surface.
The pressure is usually regulated by means of a throttling valve in the
pumping line. The pressure, and hence the temperature, is progressively
reduced so as to prevent temperature stratification. An electrical heater
at the bottom of the liquid (not shown) can be used for reheating and, at
low power levels, will promote mixing.

The convection mechanism is a feeble one at these temperatures,
and significant temperature gradients can be present in the liquid. Such
gradients occur even when the temperature monotonically decreases with
' time, their magnitude being likely to increase as the temperature is
lowered, perhaps becoming as high as 5 mK at the lambda point [Cataland
et al. (1962)]. On re-heating, the temperature of the bulk liquid may
respond only slowly if the pressure is allowed to rise, and gross gradients

can then result.
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Such difficulties can be avoided by mounting the artifacts in a
copper block containing a vapour-pressure bulb (Figure 4.2b) that is
independently supplied with helium so that a liquid-vapour interface is
contained within it. In a closed system the liquid fraction will increase
when the temperature is reduced, and the total mass of helium must be
such that the bulb does not overfill. The supply tube (of stainless steel or
another material of low thermal conductivity, and typically 2 mm in
diameter) is also the pressure sensing tube, and where it passes through
the surrounding liquid it must be insulated sufficiently well to avoid
condensation within it. Light insulation is reported as being sufficient for
this purpose, since cold spots tend to be self-stifling by virtue of the heat
of condensation [Ambler and Hudson (1956)] ; however, a stainless-steel
vacuum jacket is often used and may extend up to room temperature. In
addition, copper cladding or electrical heaters on the sensing tube can be
used. These have the advantage of keeping the sensing tube and vapour -
within it relatively warm, only reaching the liquid temperature just above
the bulb thereby reducing the aerostatic head correction. For an exposed
tube and a bulb at 4,2 K this correction may be about 0,5 mK, compared
with 0,1 to 0,2 mK that is typical for a vacuum-jacketed tube (for which,
however, the temperature distribution needed for calculating the pressure

head, can be difficult to ascertain). At the lower temperatures aerostatic
| head corrections are smaller in terms both of pressure and of the
temperature equivalents because of the rapid decrease of vapour density
with decrease in temperature.

No radiation trap is shown inside the pressure sensing tube of
Figure 4.2b. If this is 2 mm in diameter the maximum radiative heat
transfer down the tube (assuming that all the radiation emitted at room
temperature is absorbed in the bulb) would be about 1,4 mW. The helium
in the bulb is not likely to absorb much of this, while the copper block
could easily do so without setting up significant temperature gradients. A
trap could be included near the bottom of the tube, but it would need
careful design. A simple bend in the tube is unlikely to be effective, while
any other system must be so constructed that no liquid can be held at
that point. Even with a straight tube it is possible for liquid to block the
tube just above the bulb, leading to substantial measurement errors. A
pressure pulse may dislodge such a block, but as a matter of design the
portion of the tube exposed to low temperatures should be short, or the

vacuum jacket can be extended right down to the bulb. In the latter case
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the heat conducted down the sensing tube, perhaps 0,1 mW, can be
readily absorbed in the block but a baffle must be included in the vacuum
Jacket to intercept the radiation from room temperature components of
the jacket.

There will be some differential contraction between the sensing tube
and the vacuum jacket. These must not touch, and an insulating spacer,
which can also serve as the radiation trap, should be used to prevent this.
Alternatively bellows or a sliding seal at the upper end of the tube can
prevent touching.

While a vapour-pressure bulb is preferable for normal helium, He I,
this is not the case for the superfluid He II. With He Il in the bulb, a
superfluid film would creep up the walls of the sensing tube, would
evaporate at some higher temperature, and would then reflux back to the
bulb. This action can result in a measurement error of several millikelvins
[Sydoriak and Sherman (1964)] due in part to pressure gradients in the
tube and in part to temperature gradients in the bulb. Continuity of
measurements (thermometers calibrations or other) on passing through
the lambda point is a good test of any design.

By contrast, the system of Figure 4.2a works well below the lambda
point. In this system the superfluid film evaporates as part of the cooling
process and never affects the pressure sensing. Furthermore, the
phenomenal thermal diffusivity of He Il ensures that no temperature
gradients exist within the liquid. The only limitations are the ability of
the pump to reduce the temperature as far as is required and, possibly,
the appearance of thermomolecular effects at low pressures. The latter
limitation is eliminated by use of a tube of diameter 10 mm or more
equipped with appropriate radiation baffles. Clearly a dual system, in
which both a vapour pressure bulb and a bath pressure-sensing tube are
provided, would enable the complete ‘He range to be covered, and would
also allow investigations of the differences between the two realizations

to be made.

4.3.2. 3He

Extensive vapour-pressure comparisons were carried out with ®He
by Sydoriak et al. (1964) prior to the derivation of the 1962 3He vapour-
pressure scale and equation. Problems with 3He are its high cost, of the

order of 1000 times that of 4He, and the need to take account of
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contamination with 4He (there is negligible natural occurrence of 3He, so
the reverse does not generally apply, and other impurities are frozen out).

Because of its cost, 3He is usually kept in a closed system and
repeatedly used. It is condensed into a small chamber (or pot) in the
cryostat as needed for cooling, experimentation, or measurement. The
vapour pressure can be measured using a second tube leading to the pot.

Condensation of, typically, up to 10 em?® of liquid 3He is effected
using a pumped ‘He pot (or bath of 4He) at 1,5 K or below. The ‘He pot is
then boiled dry (or the bath is isolated from the interior assembly), and
further cooling is achieved by evaporation of SHe. The heat of
vaporisation of this is large compared with the amount of cooling typically
required, so the lowest temperature reached will be limited by the
pumping speed and heat leaks: 0,5 K can be readily achieved.

Sufficient heat-exchange area must be provided to ensure that the
liquid is approximately isothermal and is in equilibrium with the
experimental artifacts (including thermometers) despite the heat flows
resulting from heat leaks into the pot and from the evaporation of the
liquid.

A serious complication is that normal-grade 3He may contain 0,1 %
4He which would cause an error of as much as 0,6 mK at 3 K [Sydoriak et
al. (1964)]. To overcome this, a second pot of perhaps 1 em® using a small
quantity of %He purified to about 0,01 % is often employed for the vapour-

pressure measurement.

4.3.3 ComBINED “He, 3He SysTEM

A combined *He and S3He vapour pressure cryostat, somewhat
simpler than that of Sydoriak et al., has been described by Rusby and
Swenson (1980) and was used by them for the re-determination of the
vapour-pressure relations, see Figure 4.3. The copper thermometer block
containing the helium pots was suspended inside a vacuum jacket which
was surrounded by liquid ‘He at 42 K. A single 50 em® pot of ‘He was
used for cooling and for sensing the vapour pressure. The problem of film
flow was avoided by including an orifice of 0,6 mm diameter in the lid of
the pot. Such film as flowed through this was soon evaporated (and
thereby contributed to the cooling). The pressure sensing tube joined the
6 mm diameter pumping tube some 4 cm higher up and so was not

affected by film refluxing. The pressure gradient across the orifice and
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along this section of the tube was negligible at temperatures above 1,4 K.
A larger orifice could have permitted accurate measurements to still lower
temperatures. The 4He pot contained a spiral of copper foil to promote
temperature uniformity (see the authors’ discussion of measurements
above and below the lambda point).

A 3He cooling chamber was provided, and measurements of 3He
vapour pressures were made with a small bulb and a sample of purified
gas. Pumping tubes were about 20 mm in diameter between the 4He bath
and room temperature (with appropriate traps to intercept radiation).
The vapour-pressure tubes were 2 mm in diameter at temperatures up to
42K, and 6 mm (for 4He) and 5 mm (for 3He) above this. These
dimensions give thermomolecular effects, calculated from the Weber-
Schmidt equation (see Section 4.4.5), equivalent to 1 mK at 1,25 K and
0,65 K for ‘He and ®He respectively, with the effects increasing rapidly at
lower temperatures. Larger tubes may be desirable, especially for 3He,
though this would require a substantial quantity of gas to be available if
*He vapour-pressure measurements are also to be made up to 3,2 K.

A way of reconciling the requirement for a small thermomolecular
effect at lower pressures with the requirement that the amount of gas
needed to fill the system at high pressures should not be too large is to
increase the diameter of the tube some distance up the cryostat. The
temperature of the junction must, of course, be known, but this is
desirable in any case for the calculation of the aerostatic head effect. The
vapour-pressure sensing tubes used by Rusby and Swenson passed
through the “He bath and the aerostatic head was consequently quite
large (equivalent to values as large as 0,6 mK). Steps also had to be taken
to damp out thermal oscillations in the *He pumping tube (a woollen plug
at room temperature, or an enlargement of the tube, usually suffices for
this purpose). Cold spots were not evident in measurements at 4,2 K, but
measurements of pressures above atmospheric were made only when the
liquid level in the main helium bath had fallen below the top of the
vacuum jacket, and with the bath pressurised to a maximum of
2 atmospheres (absolute).

In this or any similar system the tubing that is at room temperature but
is open to the cryogenic area must be clean, as any desorbed vapours will
diffuse into the cryostat and be re-adsorbed there. The pressure gradient

due to this diffusion can be significant at low pressures.
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4.4 PRESSURE MEASUREMENTS

Pressure measurements are required for the realization of the boiling
points of hydrogen, the helium vapour pressure scales and the gas
thermometer.

Table 4.1 summarises hydrogen and helium vapour pressure data
and allows the measurement requirements to be calculated. It shows that
in order to cover the complete range it is necessary to measure absolute
pressures from 100 Pa to 200 000 Pa, with accuracies of 0,5 Pa to 75 Pa,
respectively, to achieve 0,5 mK accuracy in T90' The relative sensitivities
(from column 4) are less wide ranging, varying from 0,03%/mK for
hydrogen at 20,3K to 0,9%/mK for He at 065K. A measuring
instrument with a constant relative uncertainty is thus more suitable
than one with a constant absolute uncertainty.

For much of the range the requirements (in terms of room-
temperature capability for pressure measurement) are not overly
stringent. A mercury manometer of 10 Pa accuracy (achievable with
simple optical aids) is sufficient to give 1 mK accuracy in T90 down to 2 K
(with 4He) or 1,2 K (with 3He), and oil manometers with about 15 times
greater sensitivity (though not accuracy) have often been used to lower
temperatures.

Where 0,1 mK accuracy is sought, however, more sophisticated
systems are needed. Superior mercury instruments are available but tend
to be inconvenient to use. Quartz-spiral bourdon gauges and capacitance
diaphragm gauges are adequately sensitive and convenient to use, but
have constant pressure sensitivity and require comprehensive
calibrations. Moreover, quartz is permeable to helium.

Pressure balances operated with air or helium in the ’absolute’
mode, i.e. with the space above the assembly evacuated, are much more
suitable. They retain essentially the same relative accuracy over their
operating range, and this can be 20 parts in 108 (equivalent to less than
0,025 mK in the measurement of the vapour pressure of helium) without
undue difficulty.
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4.4.1 MERCURY MANOMETER

The classical method employs a cathetometer to determine the
position of the mercury levels in a U-tube manometer, and has a limit of
accuracy of about 3 Pa. For pressures up to 100 kPa higher accuracy can
be attained if the levels are sensed by capacitive [Preston-Thomas and
Kirby (1968), Guildner et al. (1970)] or interferometric [Bonhoure and
Terrien (1967), Mitsui et al. (1972)] techniques: for pressures of the order
of 1 standard atmosphere, such instruments can measure absolute
pressures to about 3 in 108 or pressure ratios to about 1 in 105.

At these levels of accuracy, uncertainties in length, density of
mercury (which is pressure and temperature dependent), aerostatic head,
mercury vapour pressure and capillary depression may become critical.
For absolute pressure measurements (which are required for hydrogen
vapour-pressure points and helium vapour pressure temperature
measurements) a knowledge of the local value of the acceleration due to
gravity (g) is required. However, for gas thermometry, in which pressure
ratios only are measured, constant errors in the average density of the
mercury or in the value of g cancel out.

The mean density of pure mercury at 90 in a barometric column
supported by the pressure p being measured is given with sufficient
accuracy, over the temperature range from 0 °C to 40 °C and for the

pressures relevant to these measurements, by the relation

ot )= "R ry @2
[ 1+ Ay, - 20 °C) + Bty - 20 °c)*] x [ 1 ‘X[zzg'po] ]

where A =18120 x 10%°cl, B=8x102°C%y =4 x 101! Pa’,
P, = 101 325 Pa and p (20 °C, p,) = 13 545,854 kg m> [Ambrose (1990)]. A
sufficiently accurate local value of g may be obtained by using the Réseau
Gravimétrique International Unifié 1971 (IGSN-71) de I'Union Géodésique
et Géophysique Internationale.

Corrections for the errors mentioned above are straightforward,
except for the capillary depression of mercury surfaces of less than
several centimetres diameter which remains a potential source of
uncertainty in high-precision manometry [Brombacher et al. (1960)].

Tables for the capillary correction in terms of bore diameter and meniscus
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height based upon experimental data are given by Kistemaker (1944-1946)
and Cawood and Patterson (1933). Gould and Vickers (1952) computed
similar tables for values of the coefficient of surface tension (o), ranging
from 0,4 to 0,5 Nm™! ; within this range, for a given meniscus height, the
capillary depression is practically linearly dependent on o.

In practice, ¢ appears to vary from 0,4 to 0,58 Nm™! depending upon
the degree of surface cleanliness of the mercury and the surface
conditions of the container ; there is frequently a degree of hysteresis in
the relation between meniscus height and pressure. The lack of a precise
knowledge of ¢ is such that if an accuracy within 10 Pa is desired, a tube
of diameter not less than 15 mm should be used. To achieve the highest
levels of accuracy the diameter of the mercury surfaces should be so large
(= 30 mm) that the uncertainty in the capillary depression will be
negligible (< 0,15 Pa).

4.4.2 PRESSURE BALANCE

For this instrument the pressure is defined by the mass, the local
value of g and the effective area of a piston freely rotating in a closely-
fitting cylinder. Pressure settings for a given piston are changed by
changing its mass, i.e. by adding additional weights [Dadson et al. (1982)].

The principal limitation here is the accuracy with which the
effective area is known. This may be obtained from direct dimensional
measurements or, more usually, by calibration against another pressure
balance, or against a mercury instrument near standard atmospheric
pressure (where this too has high relative accuracy). For stainless steel
the temperature and pressure coefficients of the effective area amount to
2t03 x 10° K1 and -5 x 10® MPa’l, respectively.

The calibration of the weights should not be a problem, even
allowing for the need for buoyancy corrections (if the weighing is
performed in air). The buoyancy of the floating member of the piston-
cylinder assembly should be assessed carefully, however, as some parts
may be made of aluminium, rather than stainless steel, to reduce the
weight (which limits the lowest pressure at which the device can be
operated). Some approximate means of measuring the temperature of the
assembly should be included, as the temperature coefficient is likely to be
more than 2 x 10% K.
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In the measurement of absolute pressure (as required in vapour-
pressure thermometers) the bell jar containing the piston assembly is
evacuated and the local value of g must be known. Small corrections
must be applied to take account of the effects of the gas streaming
between the piston and the cylinder, and of the resulting residual
pressure (which must therefore be measured) in the evacuated space
above the piston. The gas head may vary by about 2 cm as the piston
sinks in use, which (for argon) is equivalent to a few parts in 10 at
standard atmospheric pressure.

Pressure balances are not so much gauges of pressure as generators
of a series of pressures whose values are determined by the (fixed)
effective area and the (variable) loading. The minimum value is that with
the assembly unloaded. Since a continuum of pressures is not available,
and because the assembly will need to be taken apart for occasional
cleaning, it is usual to apply the generated pressure to the reference port
of a differential capacitance-sensed diaphragm gauge (see Section 4.4.4).
The vapour pressure to be measured is fed to the other port and the
gauge output gives the difference between the two. The diaphragm gauge
needs to be calibrated, and this can be done (at various line pressures)
using two pressure balances, or one pressure balance and a temperature-
controlled reference volume, or even with a temperature-controlled (or
monitored) vapour pressure bath itself as the reference. The first is
preferable, but in the measurement of helium vapour pressures the
problem can be avoided by so adjusting the helium temperature that the
diaphragm gauge reads zero - i.e. that the pressure to be measured
exactly equals the pressure generated by the balance. The true zero of
the diaphragm gauge can be simply checked by cross connecting the two
sides of the diaphragm.

For measurements of *He vapour pressures it is convenient to
operate the balance with helium, drawing gas from the vapour pressure
system as needed. For °He, however, the cost of the gas usually precludes
this, while “He should not be used for fear of contaminating the 3He. Air,
nitrogen or argon will be convenient, but once 3He is admitted to the
diaphragm gauge care must be taken not to allow air into the %He line.
Cross-connection to check zero entails some wastage of gas and so for 3He
should preferably be carried out only immediately before and after a

series of measurements, the minimum requirement.
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As was mentioned earlier, the lower limit of operation of the
pressure balance is that which supports just the unloaded floating
member (which may be the piston or the cylinder, according to design).
This can be reduced by choosing a light assembly with a large effective
area, and a typical minimum pressure is 2 kPa.

The pressure balance can achieve an accuracy within 1 part in 10°
and a resolution of 1 part in 10® between about 200 kPa and 2 kPa.
Below the latter value an alternative device must be used.

Unless a gas-injection system is available, the measuring time
available (= 5 min) is determined by the downward movement of the
piston resulting from the inevitable gas loss through the annular gap
between piston and cylinder. Elegant solutions to this problem are
reported in the literature [Neubert (1977)].

4.4.3 QUARTZ PRESSURE GAUGE

The modern quartz bourdon-tube pressure gauge can be used as a
pressure transfer and interpolating device. To avoid hysteresis, the
pressure-sensing quartz element is restrained from making large
excursions by a servo feedback system. The gas volume of such a gauge is
very much smaller than that of a pressure balance ; however, the quartz
is highly permeable to helium, so care must be taken to prevent helium-
rich gases for coming into contact with it. This type of gauge is usually
calibrated directly against a pressure balance; regular checks are
necessary although it may retain its calibration for very long periods.
Accuracy can be within one part in 10° of full scale, the latter usually
being somewhere in the range of 100 Pa to 100 kPa.

As in the case of the diaphragm gauge described in Section 4.4.4, the
advantages are that the instrument has a direct read-out and that

changes in pressure can readily be accommodated.

4.4.4 DiapHRAGM AND CAPSULE PRESSURE TRANSDUCER
The diaphragm transducer consists of a thin, usually metal,

membrane under tension located between two electrodes. Deflection of

the membrane caused by a pressure difference across it can be accurately
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detected by capacitance-bridge techniques. High accuracies require
precise temperature control and isolation from vibrations. For absolute
measurements diaphragm gauges are available with 0,1 kPa to 1 MPa
ranges. Calibration can be readily carried out using a pressure balance
and accuracies within 1 to 5 parts in 10% of full scale are possible
provided periodic recalibrations of the instrument are carried out.

In the null mode, temperature and pressure dependence, hysteresis,
and stability of the zero are the limiting factors; high linearity is
desirable for ease of calibration but it is not essential. In this mode the
resolution may approach 1 in 10’ of 100 kPa and the temperature
coefficient of the zero about 1 Pa/°C. Reproducibility is improved by
prestressing the diaphragm in a given direction at a pressure
corresponding to full scale deflection and taking care that afterwards the
pressure never exceeds this value nor changes sign [Pavese (1981)].

As a null instrument the diaphragm gauge has found wide
application in gas thermometry, where it is used primarily to isolate the
gas bulb from the manometer system. This allows a large reduction of the
dead space and its associated errors, and also a greater flexibility in the
application of pressure-measuring systems. For example, a pressure
balance can be employed despite its inevitable gas leak [Berry (1979)].
Using the diaphragm to measure residual pressure differences between
the bulb and the pressure balance, rather than merely as a null
instrument, compensates to some extent for the drawback that the
balance can be operated only at discrete pressures.

In its absolute mode of operation (i.e., at zero backing pressure) the
diaphragm gauge can fill the gap left by the conventional pressure balance
below 2 kPa where it offers a high enough accuracy for low-temperature
thermometry, such as the realization of the 3He vapour pressure scale
below 1K. Finally, whenever the purity of a gas being used for
thermometric purposes is a matter of concern - which is usually the case -
it is worthwhile considering the use of an isolating diaphragm.

The capsule transducer consists of a gas-filled flexible capsule the
moveable face of which can apply pressure to a quartz resonating crystal.
The resonating frequency is a function of applied mechanical stress and
hence of the pressure in the capsule. At about atmospheric pressure the

accuracy of a calibrated capsule transducer can be about 10 Pa.
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4.4.5 THERMOMOLECULAR PRESSURE DIFFERENCE

A thermomolecular pressure difference will result from a
temperature gradient along a tube if the diameter of the tube is not large
compared with the mean free path of the gas molecules.

The pressure at the higher-temperature end (frequently at room
temperature) will be greater than the cryogenic bulb pressure due to the
thermomolecular pressure difference. The magnitude of this pressure
difference in a uniform diameter tube depends on the temperatures of the
ends of the tube, on the tube diameter, on the pressure of the gas, and
also on the accommodation coefficient of the surface which is a function
of both the material and its surface state. Unfortunately, a
straightforward and elementary discussion of these effects does not exist.
Weber and Schmidt (1936) give an expression for the thermomolecular
pressure difference which represents data for pyrex tubes. These
calculations have been extended and generalized by McConville (1972) to
represent data for both pyrex and stainless-steel tubes ; thermomolecular
effects are reported to be 10 % to 15 % greater for stainless-steel than for
pyrex, but note the effect of contact time mentioned below. McConville’s
differential equation can be simplified (to give the Weber-Schmidt
relation) using a reasonable long mean free path approximation, and then
can be integrated directly. The resulting equation is as complex and
awkward to use as is that of Weber and Schmidt. However, the results
can be approximated [Swenson (1989)] to within a few percent for pyrex

by the relation

@y /Py, = 2.10°) @p /meP) P [@ /K> - @ /K] @3)

where Py Py TH and TL refer to the pressures and temperatures at the
high and low temperature extremities respectively of a tube of radius R.
Values calculated from equation (4.3) differ from those obtained
using McConville’s equation by less than 1 percent for Rp, 22 m+Pa, and
by 4% for RpL = 1,0 mePa, for T =293 K. According to McConville, the
calculated pressure differences should be multiplied by roughly 1,1 if the
pyrex is replaced by stainless steel. This difference may not be real,
however, since there is evidence that the thermomolecular effect for these
two surfaces become identical when the gas has remained in contact with
the surface for an extended period of time, as is the case for a gas

thermometry experiment for example. Equation (4.3), which refers to
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pyrex, perhaps should be used for estimating the magnitude of these
effects, but the design should be such that they need not be relied upon
to better than about 10%.

Typical values for the thermomolecular pressure differences in a gas
thermometer that meets the requirement of the ITS-90 are given in
Tables 5.3 and 5.4 and are discussed in Section 5.5.2.

In the case of He or ‘He vapour-pressure measurements, for a tube
of constant diameter most (more than 90%) of the pressure difference
occurs between 70 K and 300 K ; the magnitude of the effect can therefore
be considerably reduced by employing a tube with two or more sections
increasing in diameter from cold to hot [Sydoriak et al. (1964)]. However,
in the extreme case of 3He vapour-pressure measurements at 0,65 K the
correction remains considerable: at this temperature, a uniform diameter

of 5 mm would still necessitate a correction of about 1 mK.
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TABLES, FIGURES AND REFERENCES

TABLE 4.1

Pressure and pressure sensitivity of some hydrogen and helium vapour
pressure points that are used as defining fixed points or secondary
reference points.

Substance

H,

Temperature Pressure

Too/K

17,035
20,27

1,25
1,5

2,0
2,176 8
2,5

3,0

3,5

4,0
4,222 1
4,5

5,0

0,65
1,0

1,5

2,0

2,5

3,0
3,196 8
3,2

p/Pa

33 321,3
101 292

114,73
471,54
3129
5041,8
10 227,8
24 046,4
47 045,4
81 616,2
101 325
130 260
196 016

115,91
1 160,11
6 709,28
19 999,2
44 018,4
81 825,7
101 321
101 662

Sensitivity

(dp/dT,g)/Pa K  (dinp/dT, /K
13 320 0,400
30 009 0,296

757 6,598

2 289 4,854

9 200 2,939
12 408 2,461
20 062 1,962
36 018 1,498
56 773 1,207
82 330 1,009
95 329 0,941
113 235 0,869
151 189 0,771
1081 9,325

5 501 4,741
17 797 2,653
36 348 1,817
60 715 1,379
91 831 1,122
106 571 1,052
106 826 1,051
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Figure 4.1 Examples of uncertainties in pressure measurements using a
capacitance diaphragm pressure gauge below 1,3 kPa, and the equivalent

uncertainties 6T3 and 6T4 in temperatures T,

and T4 for 3He and e

vapour pressure measurements, respectively [f?usby and Swenson (1980)].

Section 4.2, 4.4.

/K
1,1 1,2 L3 b L5 1,6 1,7 1,8
0,6 0,7 08 09 1,0 1
0,6 10,6
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0,2} 40,2
O ] 1 1 0
0,03 0,1 0,3 1,0
P/kPa
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Figure 4.2 Schematic illustrations of systems for realizing ‘He vapour
pressures: using a bath of liquid (a), suitable only for ‘He II; and a bulb
(b), for 4He I, unsuitable for “He II. Thermal shields around the helium
bath are not shown.
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Figure 4.3 A schematic diagram of the cryostat used by Rusby and
Swenson (1980) for CMN magnetic thermometry and for 3He and *He I and
dHe II vapour-pressure measurements.
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5. GAS THERMOMETRY

In the range 3 K to the triple point of neon (= 24,6 K), the ITS-90 is
defined in terms of a ®He or %He gas thermometer calibrated at three
temperatures.

Background information on absolute gas thermometry can be found
in the reports of four modern gas thermometry experiments [Berry (1979),
Steur and Durieux (1986), Kemp et al. (1986/87) and Astrov et al. (1989)]
which provide details of current good practice, and form the basis for the
numerical values assigned to the low temperature portions of ITS-90.
These experiments demonstrate in different ways the very great care
required in apparatus design and data analysis when a helium gas
thermometer is used to determine thermodynamic temperatures in terms
of a single reference temperature.

Measurement difficulties can be reduced to trivial levels, however, if
the single reference temperature is replaced by two or three designated
calibration temperatures, provided that these calibration temperatures lie
within the measurement range, and that the measurement range itself be
not overly wide. These requirements are met in the case of the ITS-90 gas
thermometer: with appropriate design (and the criteria are not too
restrictive) measurements accurate to within 0,1 mK can be easily made,
there being no requirement for the many corrections that accompany
absolute gas thermometry. Two suitable, and typical, designs are
described here together with analyses of contributions to the overall

thermometric behaviour of the various elements in each of the designs.

5.1 DEFINITION OF THE SCALE

In the range from 4,2 K to 24,6 K using ‘He, Ty, is defined by the
relation

TQO

where p is the measured pressure and a, b and ¢ are coefficients the

=a+bp+cp? G.1)

numerical values of which are obtained from measurements made at the
three defining fixed points given in Section 3.2 of the ITS-90, but with the
further restriction that the lowest one of these points lie between 4,2 K
and 5,0 K.

For a 3He gas thermometer in the range from 3,0 K to 24,6 K, and for

a He gas thermometer when the lowest defining fixed point is at a
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temperature below 4,2 K, the non-ideality of the gas must be accounted
for explicitly, using the appropriate second virial coefficient B3(T90) or
B4(T90); values calculated for these coefficients in the appropriate
temperature range are given in Tables 5.1 and 5.2. In these two cases Ty,
is defined over the whole range from 3 K (or from the lowest defining
fixed point) to 24,6 K by the relation:

T = a+bp+ecp?
U | + B, (Tgg) N/Vg ’

6.2)

where p is the measured pressure, a, b and ¢ are coefficients the
numerical values of which are obtained from measurements at the three
calibration temperatures as given in Section 3.2 of the ITS-90, N/VB is the
gas density with N being the quantity of gas and Vp the volume of the
bulb, x is 3 or 4 according to the isotope used, and the values of the
second virial coefficients are given by the relations 6a and 6b of the text
of the ITS-90, from which the values given here in Tables 5.1 and 5.2 were

calculated.

5.2 GENERAL DESIGN CRITERIA®!

It has been shown [Pavese and Steur (1987), Swenson (1989)] that
for an interpolating gas thermometer the major low temperature
deviations from a quadratic interpolation function are associated with the
temperature dependence of the second virial coefficient, B(T), of helium.
However, in the ITS-90 these deviations are not significant (< 0,02 mK) for
‘He between 4,2 K (if this is one of the three calibration points) and
24,6 K. For ®He and *He when used below 4,2 K this problem is dealt with
in the ITS-90 by departing from the simple quadratic equation, and
including in the scale definition explicit corrections for B(T), equation
(5.2), which are based on recent results for *He [Steur et al. (1987)] and
3He [Matacotta et al. (1987)].

Figure 5.1 and Tables 5.3 and 5.4 constitute between them a
schematic representation, list of parameters, and analyses of the
operation of two typical interpolating gas thermometers used in the
realization of the ITS-90. The magnitudes of the various contributions to

non-ideal behaviour of the thermometer including dead space, aerostatic

5.1 Column numbers in section 5.2 to 5.7 refer to (similarly) numbered columns in tables 5.8
and 5.4.
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head, thermomolecular pressure and virial effects of the working gas
(either 3He or 4He) are shown in Table 5.3 for one set of typical design
parameters of the thermometer shown in Figure 5.1(a), and in Table 5.4
(applicable to 3He only) for a different set (Figure 5.1(b)). Tables 5.3 and
5.4 also show the magnitude of the residual errors resulting from
imperfect compensation by the three point calibration procedure of all
these effects. The results are expressed as temperature differences,
ATX) =T — Tg , where T is the assumed thermodynamic temperature of
the thermometer bulb®?, Tg = p(meas) V3/NR, and p(meas) is the pressure
which is measured at room temperature, R is the gas constant, and
(N/VB) is the gas density in mol m™3. The p(meas) values in column (2)
are the result of an explicit calculation of the room temperature pressures
which would be measured for this model for a *He gas thermometer when
all of these contributions [including those from the virial coefficients in
columns (11) and (12)] are included. The values of p(meas) at three fixed
points (4,2 K, 13,8 K and 24,6 K) were used as described in the ITS-90 to
generate a quadratic interpolation function (equation 5.2), giving T90‘ For
a °He gas thermometer for which the virial coefficient contribution is that
in column (13), the residuals AT'(Fit) in column (13) will be identical with
those for 4He in spite of small differences in some columns. The taking
account of the individually large contributions, AT(X), by the three-point

53 and the inclusion of the second virial coefficient

fitting procedure
correction in equation 5.2 is not perfect, but the residuals AT(Fit), column
(3), are all very small (0,02 mK or less between 3,2 K and 24,6 K).

The essentials of gas thermometry can be classified under four
headings; (1) the working fluid, (2) the thermometer bulb, (3) the
determination of the pressure of the gas in the bulb, and (4) the effect of
the volumes of the pressure-sensing tube and the room temperature

manometer system. These will be considered in turn.
5.3 TuE WorkING F'LuiD
The very large, non-quadratic, contribution of the second virial

coefficient, B(T) (column (11) for *He, column (13) for 3He), which is of

paramount importance in primary gas thermometry, is removed explicitly

5.2 For the purposes of this discussion we assume that at the three fixed points 7. =T.
5.3 A two point fitting is quite inadequate for this purpose [see Pavese and Steur (1987)].
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in the gas 'thermometer calibration procedure for ITS-90 based upon
equation 5.2. At low temperatures and for large gas densities, the
temperature dependence of the third virial coefficient, C(T) (column (12))
[Steur et al. (1987)], can become significant. For this reason, the gas
density (N/VB) for “He should be less than 300 mol m™3 for the highest
accuracy thermometry. A similar limit probably applies to 3He in the
temperature regions especially below 4 K where the third virial coefficient
is likely to become significant [Matacotta et al. (1987)]. The calculations
in Tables 53 and 5.4 are for 160 mol m?3; the contributions in
columns (11) and (13) (for B(T)) are proportional to N/Vg, while those in
column (12) (for C(T)) vary as (N/VB)2. The extent to which the choice of
3He or “He as working fluid leads to different values of Ty, depends upon
the accuracy of the expressions adopted for By(T) and B,(T) and on the
gas density used in the thermometer. Calculations by Aziz and Slaman
(1990) suggest that the expression in the ITS-90 for B,(T) is accurate, but
that there are small discrepancies in that for Ba(T) at the lowest
temperatures. These are unlikely to cause errors greater than 0,05 mK.

Gas purity also is important, with hydrogen and neon impurities
most significant for ‘He, and, in addition, *He impurities for SHe. While
impurity levels of less than 1 atomic part per million are the goal in
primary gas thermometry, the gas thermometer calibration at three points
allows perhaps 10 atomic parts per million, while 100 parts per million of
“He in ®He would be acceptable [Pavese and Steur (1987)].

5.4 TuE THERMOMETER BULB

The volume of the bulb, Vp is generally large, (typically one litre) to
reduce dead space effects (see Section 5.6) and to render adsorption
effects negligible. The bulb is made of high purity copper, and is
surrounded by an isothermal shield that is maintained at the bulb
temperature so as to minimize temperature gradients. The thermal
expansion of the copper bulb has only a very small effect [Kroeger and
Swenson (1977)] (column (7)). The bulb volume also will increase with
the gas pressure, an effect which is proportional to the pressure (and
hence the temperature) but which is entirely compensated for in the
calibration procedure. Only small effects due to gas adsorption have been

detected in the gas thermometry experiments involving either gold-plated
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copper surfaces [Berry (1979)], or clean copper surfaces which were
baked at high temperature [Astrov et al. (1989)]. In each instance, the
systems were evacuated thoroughly to remove adsorbed surface layers,

and this practice is always advisable.

5.5 PRESSURE MEASUREMENT

4 is isolated from the working gas

The pressure-measuring systems'
by a calibrated flexible diaphragm (a capacitance manometer) which may
be at room temperature or at the bulb temperature. The considerable
advantages of a diaphragm at the lower temperature are to some extent
offset by the need for a design which will be stable despite temperature
cycling. Pressure measurement at room temperature (see Section 4.4) can
be based on pressure balances or, with higher accuracy, on a mercury
manometer using optical interferometry to measure differences in the
heights of mercury columns. The pressure sensitivity of a gas
thermometer is proportional to the filling density, with the results in
Tables 5.3 and 5.4 corresponding to 1330 Pa/K (10 Torr/K) for
160 mol m3. Results have been reported for gas densities as small as
44 mol m™3 (366 Pa/K) and as large as 234 mol m™ (1945 Pa/K). Pressure
measurement sensitivities typically are 0,01 Pa, with accuracies closer to

0,1 Pa at low temperatures.

5.5.1 AEgRrosTATIC HEAD CORRECTION

The hydrostatic pressure generated by the column of gas in the
sensing tube (the aerostatic head) causes the room temperature pressure
to be less than that in the bulb. To evaluate the aerostatic head
correction (column (4)) the temperature distribution along the capillary
must be known. This can be measured directly, or it can be calculated
from a Kknowledge of the temperature dependence of the thermal
conductivity of the capillary material, or it can be estimated from the
expressions given in Figure 5.1 for temperatures above and below Ty
[Kemp et al. (1986/87)]. Astrov et al. (1989) have simplified the

54 Figure 5.1 depicts a diaphragm manometer reading p(meas) directly. This is for
illustration only. In practice p(imeas) is the sum of measurements made with some absolute
manometer and a differential (diaphragm) manometer (see Section 4.4.4).
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calculation of aerostatic head effects with a design in which temperature
gradients occur only in horizontal tubes. In practice, it is preferable to
monitor the actual temperature distribution to ensure consistency and
reproducibility during an experiment. The aerostatic head correction is
proportional to the isotopic mass of the gas, so the values given in
column (4) will be 25 % smaller if the working gas is 3He rather than ‘He
for the same design of gas thermometer. It also will be (in this simple
model with vertical tubes) proportional to the length of the sensing tube.
A pressure gradient also will occur in the bulb, with TB corresponding to
the average (midpoint) pressure. This correction is independent of

temperature (or pressure) and does not affect the calibration.

5.5.2 THERMOMOLECULAR PRESSURE CORRECTION

A thermomolecular pressure difference will result from a
temperature gradient along a tube if the diameter of the tube is not large
compared with the mean free path of the gas molecules. This has already
been discussed in relation to the measurement of helium vapour pressures
in Section4.45 and equation 4.3 allows the magnitude of the
thermomolecular pressure effect to be calculated.

For a typical ITS-90 gas thermometer (such as those shown in
Figure 5.1) the effects of thermomolecular pressure differences are shown
in Tables 5.3 and 5.4 in columns (6) and (6) for the upper (hi, 2 mm
diameter) and lower (lo, 1 mm diameter) portions of the sensing tube.
Since more than 90% of the thermomolecular pressure difference for a
uniform capillary occurs between 295 K and 80 K (a somewhat arbitrary
choice for TM) the total contribution is reduced by using a sensing tube
that is wider above T}, than below, Ap being proportional to (Rp)'z. The
same result could be achieved by doubling the pressure (the gas density)
for a uniform 1 mm diameter tube, but with increased non-ideality
contributions. The total thermomolecular pressure difference for the gas
thermometer depends on the bulb temperature, Ty, primarily through the
pressure dependence in Equation (4.2). The use of a smaller diameter
tube at low temperature results in smaller dead space effects (see
Section 5.6), but also longer equilibrium times. In contrast with a primary

gas thermometry experiment, corrections for the thermomolecular

135



pressure difference need not be made provided its magnitude is small

enough for the quadratic interpolation to be valid.

5.6 DEAD SpACE CORRECTION

Temperature-dependent changes occur in the quantity of gas in the
bulb if the diaphragm separating the thermometer and the manometer is
not at the bulb. The effects of the room temperature volume,
VR (column (8)) are most important for the highest bulb temperatures.
For a vertical sensing tube the effect of the sensing tube dead space
depends on the temperature distribution, and the length and cross-
sectional area of the pressure sensing tube. For a uniform bore (and
vertical tube), these contributions would be proportional to the aerostatic
head correction. The values given in columns (9) and (10) were calculated
using the temperature distributions of Figure 5.1, and show typical
magnitudes. Again, the important requirement is that these effects be not
so large that changes in the temperature distribution (due to refrigerant
levels changing with time, for instance) can introduce significant

systematic errors.

5.7 DEsIGN oF THE GAs THERMOMETER

There are very few explicit restrictions on the design of an
interpolating gas thermometer to implement the ITS-90. The implicit
requirement in the above discussion, that the calculated quadratic
interpolation errors (column (3)) should be less or even substantially less
than 0,1 mK, can be achieved for a wide range of gas densities, bulb
volumes and capillary geometries. The designs of Figure 5.1 (a) and (b)
(Figure 5.1(a) from Swenson (1989) and Figure 5.1(b) based upon Steur
and Pavese (1989)) and the operating conditions used for the
thermometers in Tables 5.3 and 5.4 are simply illustrations of how the
conflicting requirement that the thermomolecular pressure differences and
dead space effects should both be small may be satisfied. Note that in
Figure 5.1(b) the temperature gradient from room temperature to low
temperature occurs along a relatively wide (2 mm diameter) but short

(10 cm) capillary; temperature-dependent dead space effects are
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minimized by thermally anchoring the low temperature end of this
capillary to the liquid helium bath.

Any design for an interpolating gas thermometer should be tested
with model calculations such as those used for Tables 5.3 and 5.4 so that
the mégnitudes and temperature dependencies of the various
contributions can be assessed. On the experimental side, good practice
also requires adequate thermal isolation (small heat leaks, good vacuums)
and stability, as well as careful monitoring of various system
temperatures to ensure that they are reproducible as the bulb

temperature is cycled.
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TABLES, FIGURES AND REFERENCES

TABLE 5.1

Values of the second virial coefficient, for 3He between 3 K and 24,5561 K
calculated using equation 6a of the ITS-90.

Too/K B,(T,y)/cm® mol™
3 - 86,03
3,5 - -7248
4,2221 ~58,2
5 -47,17
7 ~29,63
10 - 16,11
13,8033 -7,25
15 - 5,37
17,0357 -2,78
20,2711 0,29
24,5561 3,12
TABLE 5.2

Values of the second virial coefficient of He between 3 K and 24,5561 K
calculated from equation 6b of the ITS-90.

T,,/K B,(T,,)/ cm® mol’l
3 -120,36
35 -100,19
4,2221 —79,76
5 —64,46
7 — 40,80

10 -23,10
13,8033 -11,82
15 -9,48
17,0357 -6,25
20,2711 -2,49
24,5561 +0,95
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TABLE 5.3

Calculations for an interpolating 3He or ‘He gas thermometer

ThlS table is applicable to the gas thermometer of the design shown in Figure 5.1(a) with
either ®He or “He as the working gas and operating parameters shown in Figure 5.1.

Column (1) is the temperature T,, of the bulb (assumed to be identical with the
thermodynamic temperature T at the three calibration points of 4,2 K, 13,8 K and 24,6 K) ;
column (2), p(meas), is the pressure, measured at room temperature ; column (3), AT(Fit), is the
estimated difference T — T,, where T, o 1s obtained from the ITS-90 gas thermometer quadratic
equation (equation (5.2)). ’(I,‘(Le small but non-zero temperature differences of column (3) are the
residual errors resulting from the imperfect cancellation by the ITS-90 three point calibration
procedure of errors. The various significant departures from ideality for these particular design
and operating conditions are given in columns (4) to (13).

Columns (4) to (13) list the component departures AT(x) =T - T of this system from the
"apparent” gas thermometer temperature T, = p(meas)VB/NR

Column (4), AT(A) is the aerostatic head departure ; columns (5) and (6) AT(TM) give the
thermomolecular pressure departure in each of the capillary tubes Cap and Cap, ; column (7)
is the departure due to the thermal expansion of the copper bulb ; column ®), (95 and (10) are
the departures resulting from the deadspaces (V(Cap n) and V(Cap ) in Figure 5.1) of the two
capillary tubes and the room temperature volume columns (1?) (12) and (13) are the
departures resultmg from the second and third virial coefficients for He or the second virial
coefficient for 3He.

The dotted lines are at the ITS-90 temperature limits for the gas thermometer.

AT(TM) AT(deadspace) AT (virial)

T p(meas)  AT(Fit) AT(A) Cap Cap AT(TE) V. Cap, Cap_ ‘He(B) *He(©) 3He®)
K Pa mK mK mK mK mK mK mK mK mK mK mK
2,50 32464 —0,13 0,09 —0,118 —004 0,00 011 0,03 0,03 59,63 0,08 41,77
3,00 30139 —0,04 011 -—0,15 —003 000 016 005 0,05 57,77 —0,03 41,30
3,20 4181,0 =-0,01 0,11 —0,14 —003 000 0,17 005 0,05 57,09 —0,08 41,04
4,20 5515,1 000 0,15 —0,11 —0,02 000 030 0,08 0,08 53,956 —0,12 39,36
6,00 79160 —001 021 —0,08 —002 000 061 0,17 0,16 4863 =—0,13 35,53

8,00 10583,3 =—0,02 027 —0,06 —001 000 108 031 029 42,77 —0,14 30,77
10,00 132504 —0,01 0,33 —0,04 —0,01 0,00 169 0,48 044 36,97 —0,14 25,78
12,00 15917,0 —0,01 0,39 —0,04 —001 0,01 244 0,69 0,61 31,23 0,14 20,67
13,80 18316,7 000 045 —003 —001 001 323 091 080 26,13 —0,15 16,02
16,00 21249,4 001 051 —0,03 —0,01 002 434 122 1,05 1994 —0,15 10,29

18,00 23915,1 002 056 —0,02 000 004 549 154 1,30 14,36 —0,16 5,06
20,00 26580,4 002 061 —0,02 0,00 007 678 191 1,57 881 —0,16 —0,21
22,00 20245,5 002 067 —002 000 011 820 231 1,8 3,20 —0,17 —5,49
24,60 32709,5 000 073 —002 000 0,20 1026 288 227 —38 —0,17 —12,36
26,00 34574,7 —0,02 0,76 —002 000 0,26 11,46 322 250 —7,68 —0,18 — 16,07

28,00 372387 —0,07 081 —002 000 038 13,29 374 28 —1315 —0,18 —21,37

30,00 309025 —0,15 08 —002 000 054 1525 4,20 321 —1860 —0,19 —26,68

32,00 42566,0 —027 090 —001 000 0,75 17,36 4,88 359 —24,04 —0,19 —31,99
6)) @ 3) @) ) ®) ()] ® @ Qo) an a2) (13)

/

5.5 Columns (2) to (12) are for the case of “He as the working gas. If 3He is used in place of *He, column (2) and
columns (3) to (10) will be slightly different, while column (13) replaces columns (11) and (12) ; the critically important
column (3), AT (Fit), however, remains virtually unchanged.
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TABLE 5.4

Calculations for an interpolating 3He gas thermometer

This Table (which is a complement to Table 5.3) is applicable to the gas
thermometer shown in Figure 5.1(b), the conditions of operation and some
elements of the design differ from those applicable to Table 5.3. In this Table
the values are calculated for 3He as working gas and the thermomolecular
pressure effects and capillary dead space corrections are each calculated for
the upper and lower parts of the capillary tubes combined. They are indicated
in the Table as AT(TM) and AT(deadspace) in the columns (5 + 6) and (9 + 10)
respectively in order to be comparable with the values shown in Table 5.3.
Other columns have the same numbering as in Table 5.3, column 7 of Table 5.3
is not repeated here.

AT(deadspace)
T p(meas) AT(Fit) AT(A) AT(TM) Vp Cap (hi+lo) AT (virial)
K mK mK mK mK mK mK mK
2,5 3269,77 0,07 0,30 -0,18 0,07 0,18 41,77
3,0 3935,34 0,04 0,34 -0,15 0,11 0,24 41,30
3.2 4201,63 0,03 0,35 -0,14 0,12 0,26 41,04
4,2 5533,73 0,00 0,42 -0,10 0,21 0,42 39,36
6,0 7932,57 -0,02 0,50 -0,07 0,43 0,73 35,53
8,0 10598,44 -0,03 0,58 -0,05 0,76 1,14 30,77
10,0 13264,45 -0,03 0,64 -0,03 1,19 1,59 25,78
12,0 15930,45 -0,02 0,69 -0,02 1,72 2,08 20,67
13,8 18329,76 0,00 0,73 -0,02 2,27 2,56 16,02
16,0 21262,17 0,02 0,77 -0,01 3,05 3,19 10,29
18,0 23927,83 0,03 0,81 0,00 3,86 3,80 5,05
20,0 26593,33 0,04 0,84 0,00 4,77 4,46 -0,21
22,0 29258,65 0,03 0,88 0,00 5,77 5,16 -5,49
24,6 32723,31 0,00 0,93 0,00 7,22 6,16 -12,37
26,0 34588,76 -0,04 0,96 0,00 8,06 6,74 —-16,08
28,0 37253,51 -0,12 1,00 0,00 9,35 7,62 -21,39
30,0 39918,04 -0,23 1,05 0,00 10,73 8,57 —26,70
@ @ 3 @ (5+6) ® 9+10) a3
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FIGURE

Figure 5.1. A schematic representation (not to scale) of a typical gas
thermometer experiment, with T, the temperature of the bulb. The
surrounding thermal shields and vacuum jacket are not shown. If, as is
true for many metallic alloys, the thermal conductivity is roughly
constant above T,, (= 80 K) and is approximately proportional to T at
lower temperatures, the temperature distributions for the high and low
temperature portions of the capillary are given by:

T=Ty +2 (Ty - T) @/LyY) T> Ty,
- 2 2
and T2 = T,2 + (Tg? - Ty, W/Ly) T< Ty

where L is measured from Ty and T}, respectively.

For the calculation of the data shown in both Tables 53 and 5.4
Vg = 1000 em® (filling density 160 mol m'3) T = 295K, Ry, = 1,0 mm and
R1 = 0,5 mm; for Table 5.3 (Figure 5.1(a)), V =5 cm3 L =L, = 25 ¢cm
and T, = 80 K; for Table 5.4 (Figure 5.1(b)), Vi = 3,5 cm®, L =L, =10 ecm
and T =4,2 K.

Sections 5.5.2 to 5.7, Tables 5.3 and 5.4.
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6. RADIATION THERMOMETRY

Above the freezing point of silver 1234,93 K (961,78 °C) the
temperature T90 is defined by the equation

LTy _ exp(ea(Mpo@0) ) - 1
Ly (T9o(X)) exp(cz[ ATQO]-I) -1

6.1)

where T, (X) refers to any one of the silver {Tgo(Ag) = 1234,93 K}, the gold
{Tyo(Au) = 1337,33 K} or the copper {Ty,(Cu) = 1357,77 K} freezing points
and in which L}\(TQO) and L}‘[TQO(X)] are the spectral concentrations of the
radiance of a blackbody at the wavelength (in vacuo) A at Ty, and at
Ty, (X respectively, and ¢, = 0,014 388 me«K. The text of the scale neither
recommends a method by which, nor restricts the wavelength at which,

the ratio of radiances is to be experimentally determined.

6.1 MoNocHROMATIC RADIATION THERMOMETER

The only requirements embodied in Equation (6.1) are that the instrument
used, a radiation thermometer, be effectively monochromatic and that at
least the reference source at the temperature TQO(X) be a blackbody (see
Section 6.2.2). A monochromatic radiation thermometer consists of an
optical system that includes a wavelength limiting device and focuses an
image of a source of radiation onto a photodetector. To measure
temperatures as prescribed by Equation (6.1), it is necessary to provide
some means (e.g. moving the sources or the pyrometer, or altering the
optical path) for alternately focusing the two sources onto the detector.
The ratio of the two corresponding detector outputs, suitably corrected or
interpreted, is then the ratio of the radiances of the two sources at the

effective wavelength of the thermometer.

6.1.1 OptiCAL SYSTEM

The optical system of a radiation thermometer typically is
constructed from standard, readily obtainable components. Most
radiation thermometers use refracting systems (Figure 6.1) but some,

especially if operating beyond the visible region, use reflecting systems
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(Figure 6.2). There seems to be no fundamental advantage of one over the
other. Reflecting systems are likely to be more costly, but are less
absorbing and have focusing distances which are independent of
wavelength ; the last quality can be useful in view of the increasing
practice of realizing the scale both at visible and near-infrared
wavelengths.

Radiation thermometry does not demand a large numerical aperture
of the optical system ; it is typically in the range /10 to £/20. Targets, i.e.
that part of the source actually viewed by the detector, are nearly always
small, as such targets can more readily be arranged to be approximately
isothermal and black. It may be noted (see Sections 6.2.2 and 6.4) that
tungsten strip lamps, although not blackbodies, can be calibrated so as to
allow for their departure from blackness using the concept of spectral-
radiance temperature. Typically a target is circular and about 0,5 mm to
1 mm in diameter. For this reason, and because the radiation
thermometer is monochromatic, the only lens aberration of consequence is
spherical aberration, and even here the demand is not severe. The lenses
(or mirrors) of the radiation thermometer should be corrected for
spherical aberration to a level such that they become essentially
diffraction limited at all apertures at which they will be used. It is
convenient if the lenses are achromatic, especially if the radiation
thermometer works at a wavelength in the infrared, so as to allow for
visual focusing via an auxiliary viewing system. All lenses and mirrors in
the system should be of high optical quality and kept scrupulously clean
to minimize the amount of radiation scattered by imperfections and
surface contamination.

A further point to consider in designing an optical system is that of
stray radiation from outside the target that can propagate through the
system by diffraction, reflection or scattering from the mechanical or
optical elements. Baffles and grooves are effective In suppressing
unwanted radiation. Good results are also obtained by the use of a glare
stop and by careful positioning of the aperture stop [Fischer and Jung
(1989)]. See also, size-of-source effect, Section 6.5.1.
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6.1.2 FiLTERS

A radiation thermometer can be made effectively monochromatic in
several ways, but at present interference filters are used almost
exclusively. High-quality interference filters with high peak
transmittances, narrow bandwidths and high degrees of blocking outside
the passband are available from many commercial sources.

For a given type of filter (Gaussian, rectangular or other) the
smallest detectable temperature difference and the wavelength error A
resulting from imperfect blocking outside the passband are inversely
proportional to the half width: this suggests that a wide-band filter is
desirable. However, the use of such a filter requires an accurate
knowledge of the spectral responsivity S(A) of the thermometer®!, and
the uncertainty AA due to imperfect knowledge of S(A) is proportional to
the square of the half width of the filter: this suggests that a narrow-band
filter is desirable. The choice of bandwidth must be a compromise
between these two conflicting considerations, and in practice half widths
of about 10 nm are preferred, although narrower half widths down to
1 nm have also been used [see e.g. Bedford and Ma (1983)].

The uncertainty AT,,(») generated by an uncertainty AA in the

wavelength is given by

ATy M = Ty, [% 1 | B ©6.2)
90

It is very important that wavelengths outside the passband in
regions where the detector is still sensitive be blocked to a level less than
a part in 10%, of those in the passband. For a filter half width of 10 nm
blocking to a part in 10° is required, and for a half width near 1 nm
blocking must be to about a part in 10%. The effects of any secondary
peaks from the filter must also be eliminated. If the interference filter
itself does not adequately attenuate these undesired wavelengths, an
auxiliary blocking filter can be added for this purpose. In most cases,
residual transmission at longer wavelengths is the more troublesome
because of the exponential character of L}\(Tgo). Because the spectral
transmittance of an interference filter can vary with the filter
temperature (up to 0,02 — 0,03 nm/°C between 660 and 900 nm) and with
angle of incidence of the incoming radiation (about 4 parts in 10% per

angular degree), the filter temperature should be controlled (room

6.1 This includes the spectral transmittance of the filter and all other optical components
and the spectral responsivity of the detector.

145



temperature control is usually sufficient) and the transmittance measured
in situ or, if not, with a similar radiation beam impinging at the same
angle. This angle should be carefully chosen to eliminate unwanted
reflections. Note also that the wavelength A appearing in Equation (6.1)
is specified as the wavelength in vacuum ; if A for the filter is measured in
air, then the quantity A in Equation (6.1) should be replaced by nA, where
n is the refractive index of air (with the value 1,000 27 for air at 20 °C
and atmospheric pressure and at a wavelength of 650 nm ; the influence
of variations in humidity and CO2 content are negligible for this purpose).

When using a radiation thermometer to establish temperatures
above about 2000 K it is necessary to use absorption filters or some other
means of reducing the intensity of the radiation reaching the detector.
Any filters that may be placed in the beam must be so oriented as to
avoid reflections between them that can subsequently reach the detector,
and to avoid transmission through the bandpass filter at an angle to the
axis. Either of these faults is likely to modify the effective wavelength
(see Section 6.2.3). '

6.1.3 DETECTORS

The majority of radiafion thermometers used for the realization of
the ITS-90 use either a photomultiplier or a silicon photodetector as the
detector. Typically a photomultiplier is used for wavelengths near 660 nm
while a silicon photodetector is used for those near 900 nm. However, a
photomultiplier with long-wavelength sensitivity can also be used in the
near infrared and, conversely, a silicon photodetector can be used in the
red region of the spectrum.

The spectral response of a photomultiplier depends on the
photocathode employed. The photocathodes most commonly used in
pyrometry are the S-20 types which give useful signals up to about
800 nm, but S-1 (to 1050 nm) and GalnAs (to 1100 nm) can also be
employed, these being normally operated at temperatures of about —25 °C
or below. If photocurrent ratios are to be the measure of radiance ratios
then account must be taken of any non-linearity of the individual
photomultiplier under the particular conditions of use. If the actual
output voltage or current is used, then fatigue and the temperature

coefficient of sensitivity must also be considered [Coates and Andrews

146




(1981)]. Any problem arising from these requirements can be alleviated if
the photomultiplier is used in the photon counting mode ; this, however,
involves more difficult measuring techniques [Coates (1975a)].

Silicon photodetectors generally show better linearity and stability
than photomultipliers. The linearity and stability of silicon detectors for
spectral radiation thermometry have been studied extensively [see in
particular Jung (1979), Coslovi and Righini (1980) and Schaefer et al.
(1983)].

It has been found that the departures from linearity increase both
with increasing wavelength and increasing photocurrent. Jung has shown
that, provided that the photocurrent is kept within the range from
3 x 101% A to 1 x 107 A and the wavelength is in the range from 600 nm
to 900 nm, any non-linearity can easily be corrected for to within 2
parts in 10% (see equation 6.11 for consequent errors in temperature). If
the corrections for non-linearity are not made, errors some twenty times
this amount can be encountered ; thus for an accurate realization of the
scale, it is essential that the non-linearity be measured (see Section 6.2.4).

In order to obtain optimum short-term stability and resolution a
silicon detector should be stabilized in temperature and operated in the
photovoltaic (i.e. unbiased) mode. Jung (1979) has shown that drift, dark
current and noise are all lower for a silicon detector operated in this

mode than for one operated in the photoconductive or biased mode.

6.2 EsTABLISHMENT OF THE ITS-90 ABOVE THE SILVER PoINT

6.2.1 GENERAL PrINCIPLES

Equation (6.1) is an idealized expression of the spectral radiance ratio

defining T90’ In practice, because any, supposedly monochromatic,

radiation thermometer has a finite bandwidth we must write;

_ JL Gre® M sMdh [ L, (Tyy) SO) dr
S L[ TyoA®) ] M 1) s@) d [ L[ Tyo(Ag) ] SG) ar

- 6.3)

where r is the experimentally measured ratio of detector signals,
LTy = wlen® [exp (c,/AT,) -11, and () is the spectral
transmittance of the interference filter, rc(h) is the spectral transmittance
of all other optical components of the radiation thermometer, sQ)) is the

spectral responsitivity of the detector, and S(Q) is the spectral
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responsivity of the thermometer as a whole. The integrands in Equation
(6.3) are normally zero outside the passband defined by the interference
filter.

The realization of the scale according to Equation (6.3) requires the
calibration of the thermometer at the silver (or gold, or copper) freezing
point, the determination of the spectral responsivity of the thermometer,
and the realization of a scale of radiance ratios which, in turn, requires

measurement of the non-linearity of the detector, see Section 6.2.4.

6.2.2 PracticaL METHODS

The blackbody and furnace apparatus for the fixed-point calibration
have been described in Sections 2.2.3.3 and 2.2.5.

The monochromatic radiation thermometers employed to realize the
scale are, in most cases, just photoelectric comparators of radiant fluxes.
They do not carry a calibration in terms of detector output versus
temperature but are used to transfer the blackbody radiance at the
reference temperature TQO(X) to a series of higher (or in some cases lower)
temperatures established and subsequently maintained on a stable and
reproducible radiation source, generally a tungsten strip lamp (see
Section 6.4). This practice originated in the past from the lack of stable
detectors that could maintain the scale over long periods.

When the visual optical pyrometer was the instrument used to carry
out primary realizations of the international temperature scale at high
temperatures, tungsten strip lamps were almost always used with the
optical pyrometer both to establish the scale and by themselves
subsequently to maintain it. With the advent of photoelectric
thermometers, using photomultiplier or vacuum photocells as detectors, a
much higher accuracy was achieved. But because the sensitivity of the
new detectors tended to vary with use and time, the principles of using a
tungsten strip lamp for realizing and maintaining the scale remained
largely unchanged. The development of highly sensitive, linear and stable
silicon photodetectors, however, has allowed a much simpler and more
direct method to be used. Using such a detector, whose departures (if
any) from linearity have been measured (see Section 6.2.4), in conjunction
with an optical system designed to have a very stable optical throughput
(see Section 6.4), equation (6.3) can be used directly to establish a

continuous calibration of the combined detector-optical system in terms
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of the ratios of the photocurrents of the detector when viewing the high
temperature source and the blackbody at the silver (or gold or copper)
point. Such a system can provide a realization of, and maintain, the
ITS-90 at high temperatures just as well as a system using external
tungsten strip lamps [Bussolino et al. (1987)].

If tungsten strip lamps are used, because they are not blackbody

sources, equation 6.3 becomes

_J AT LT) 1) SQ) dA
J L[ Too(A®) ] S®) dr

6.4)

where ©_(A) is the spectral transmittance of the lamp window, and «(A,7T’)
is the spectral emissivity of the lamp filament which is at a true
temperature T’, but has, by the equality given by Equations (6.3) and
(6.4), a radiance temperature Tgo: Ty
but is now valid only for the particular wavelength used. If radiation

o can be calculated exactly as before,

thermometers working at different wavelengths are to be used the ITS-90
must normally be realized separately for each wavelength, although see
Section 6.3 for futher comment on this.

The use of both silicon detector radiation thermometers and
tungsten strip 'lamps allows the scale to be established in two ways and
thus permits cross checks to be made which can add to the confidence of
the maintained scale. For practical details of the various methods see
Quinn and Ford (1969), Coslovi and Righini (1980), Tischler (1981), Jones
and Tapping (1982) and Coates (1985).

If only one method is to be used, the choice between a detector-
based method and a tungsten-source based method depends upon the
preferred method of disseminating the scale outside the standards

laboratory.

6.2.3 SpECTRAL RESPONSIVITY AND EFFECTIVE W AVELENGTH

The wavelength at which monochromatic radiation thermometers
operate when being used to establish the ITS-90 is usually within the
range 600 nm to 1000 nm. Although no wavelength is specified in the
ITS-90, the use of red-sensitive photomultipliers (S-20 response) and

silicon detectors results in this wavelength range being the optimum one.
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Continuity with past-practice that requires a wavelength near 660 nm and
the peak near 900 nm in the sensitivity curve of silicon detectors have led
increasingly to the practice of carrying out realizations of the ITS-90 at
both of these wavelengths. This has the great advantage of allowing a
considerable measure of self checking to be obtained.

The relative spectral responsivity of the thermometer can either be
measured directly by aiming the thermometer at the exit slit of a
monochromator or it can be calculated as the product of its components,
i.e. the spectral transmittances of the interference filter and of the other
optical components and the spectral responsivity of the detector. When
the filter transmittance and the detector responsivity are measured
separately, they should be measured in situ so as to avoid errors due to
different positioning and orientation. Details of the measurement of
spectral responsivity are given in various papers describing the realization
of radiation scales [see in particular Jones and Tapping (1982)]. The
accuracy requirements for this measurement have been discussed by
Coates (1977) and by Bedford and Ma (1983).

The concept of effective wavelength was introduced to avoid the
cumbersome calculations required by equation (6.3). Representing the
spectral band of the thermometer with a single (although temperature-
dependent) wavelength allows the much simpler equation (6.1) to be used.
The derivation of the effective wavelength from the measured spectral
responsivity S(A) has been described in several papers [see in particular
Kostkowski and Lee (1962), and Quinn and Ford (1969)].

Although the concept of effective wavelength is still commonly used
due to its many advantages (it facilitates, for example, the estimation of
all wavelength-dependent errors), a direct use of the spectral responsivity
according to equation (6.3) is now practical using modern computational
techniques. Moreover, new methods have been described by Coates (1977,
1979, 1985), Ruffino (1980) and Coppa et al. (1988) that require much less
numerical integration and which can be made as accurate as is desired by

the evaluation of successive terms in a series.

6.2.4 RADIANCE RATIOS AND NON-LINEARITY

The experimentally measured ratio of detector signals at two

temperatures represents the ratio of the blackbody radiances at the same
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temperatures only insofar as the detector (and associated electronics) is
linear. In practice, even the most linear detectors show non-linearities
that must be accounted for in accurate scale realizations.

The commonest technique for measuring non-linearity consists of a
flux doubling method employing two radiation sources (usually lamps)
and a beam-splitting device according to a scheme suggested by Erminy
(1963). Other techniques that have been successfully applied in precision
photoelectric thermometry rely on the use of sectored discs [Quinn and
Ford (1969)] and of attenuating filters [Coslovi and Righini (1980)] and
luminance dividers [Bonhoure and Pello (1988)]. Useful information on

the mathematical handling of non-linearities is given by Jung (1979).

6.3 TuNGsTEN STRIP LAMPS

Equation (6.1) defines T90 in terms of the spectral radiance of a
blackbody at that temperature. It is common practice to establish and
maintain the ITS-90 in this temperature range in terms either of tungsten
strip lamps or, increasingly, directly in terms of silicon photodiode
radiation thermometers.

Despite their not being blackbodies, tungsten strip lamps provide a
convenient source of thermal radiation. Some evacuated lamps (Figure
6.3) have proved to be acceptably stable and reproducible (in the best
cases to within some tens of millikelvins for hundreds of hours) when
operated on dc current regulated to a part in 10°, provided that they are
not operated at radiance temperatures much above 1800 K. Their
reproducibility can approach the ten millikelvin level if their use is
restricted to the range of radiance temperatures from 1200 K to 1500 K,
and if appropriate resistance corrections (which must be obtained from
measurements of lamp current and lamp voltage) and base temperature
corrections are applied [Jones and Tapping (1979)]. Above about 1800 K
evaporation of, and to some extent thermal etching of and grain growth
in, the tungsten will result in calibration changes [Quinn (1965) ; Quinn
and Lee (1972)], while below about 1100 K the lead temperature
coefficient and the ambient temperature coefficient become large. Gas-
filled lamps are used from 1600 K to about 2500 K, but are more than an
order of magnitude less stable than the evacuated type because of

convection currents within the envelope.
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Lamps having tungsten filaments so formed as to approximate
cylindrical blackbody cavities [Quinn and Barber (1967)] have been used
to extend the calibration range to about 3000 K. These lamps, however,
occasionally exhibit abrupt changes in filament resistance and are more
difficult to use. The radiance of their cavity aperture is very direction-
sensitive so that the angle and field of view for calibration with any
particular radiation thermometer must be carefully specified.
Nevertheless these blackbody lamps are useful sources at temperatures
above those accessible to tungsten strip lamps.

With any of the above lamps, the filament radiance varies with the
base temperature and, at low temperatures, with ambient temperature.
These temperatures should therefore be controlled and monitored. Lamp
resistances can be used as stability checks or for calibration corrections.

As pointed out in section 6.2.2, the scale carried by a lamp is
wavelength dependent, so, if a lamp is used to calibrate a thermometer
working at a wavelength other than the wavelength used to calibrate the
lamp, corrections must be applied. Ricolfi and Lanza (1983) and Battuello
and Ricolfi (1984) derived experimentally the corrections for converting a
calibration curve for a lamp corresponding to a scale realization at a
wavelength near 660 nm to one corresponding to a wavelength near
900 nm. These corrections thus allow a lamp originally calibrated for a
wavelength near 660 nm to be used for the calibration of a silicon
detector thermometer at a wavelength near 900 nm without the need for

a new calibration of the lamps at 900 nm.

6.4 TRANSFER STANDARD RADIATION THERMOMETERS

The dissemination of the radiometric part of an international
temperature scale outside the national standards laboratory is carried out
by means of a practical transfer instrument. In the days of the
disappearing-filament optical pyrometer this was generally the tungsten
strip lamp, which in turn would be used to calibrate or check the working
disappearing-filament pyrometers. Direct calibrations of disappearing-
filament pyrometers at national standards laboratories were carried out
on occasion, but this practice was expensive and inefficient : a single
calibrated tungsten strip lamp could be used to calibrate any number of

optical pyrometers, and tungsten strip lamps were considered to be more
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stable than the miniature pyrometer lamps built into disappearing-
filament optical pyrometers.

The situation is different now that the disappearing-filament
pyrometer has been almost entirely replaced by the much more stable
silicon detector thermometer. A high-precision silicon detector transfer
thermometer is shown in Figure 6.4 [Rosso and Righini (1985)]. This
thermometer, and others of similar design, have an accuracy of better
than 0,1 K from 800K up to 1400 K and at higher temperatures a
somewhat lesser accuracy which reaches about 1K at 2000 K. Its long
term stability is that of the silicon detector itself: the detector is mounted
in a temperature-controlled enclosure and its drift is significantly below
the equivalent of 0,1 K per month and does not exceed a few tenths of a
kelvin in a year. Various schemes have been proposed for empirical
calibration of such instruments using a number of fixed points [Bussolino
et al. (1987)].

6.5 PRrAcTICAL NoTES AND SOURCES OF ERROR IN RADIATION THERMOMETRY
6.5.1 PracricaL NoTES

In applying the procedures outlined in Section 6.2, the following
points should be noted:

(a) For an accuracy of 10 mK in Ty, the ratio, r, of radiances must be

determined with an uncertainty of between 2 and 10 parts in 104,

depending upon A and T90' This follows from the relation:

A(Tg0)?
%0’ A4r @6.11)

ATy = Cy

(b) Only relative values of S(0), Tco‘)’ 7;(») and s(3) are required.

(c) The mean or peak wavelength of 'ci(h) must be measured to within
about 0,02 nm for 10 mK accuracy in T,, (see Equation (6.2)).

(d) Because 1.(A)+s()) appears in both integrands and varies relatively
slowly with A, for an accuracy equivalent to 10 mK, it need be
measured only to within about + 10% when the passband is < 20 nm.

(e) Direct measurement of the radiance ratios by means of photo-
detector current ratios demands that, for an accuracy equivalent to

10 mK, the detector be linear to =~ 1 part in 102, This cannot be
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assumed to be the case, and any departures from linearity must be
measured and corrected for [Jung (1979), Coslovi and Righini (1980)].

() The device most commonly used to produce precisely known energy
ratios to measure detector nonlinearity (or to establish the ITS-90) is
a radiance multiplier (see Section 6.2.4), several of which have been
described, e.g. [Jones and Tapping (1982)]. In these devices two or
more radiant fluxes are first matched to the silver point radiance via
an arrangement of mirrors and shutters, and then by combining these
fluxes an integer multiple of the silver point flux can be presented to
the radiation thermometer. By extending this procedure and by
other means almost any multiples of the silver point flux can be
obtained [Coslovi and Righini (1980)].

(@ For an accuracy of 10 mK in the silver point realization, the

emissivity, ¢,, of the blackbody cavity, must be known to about

1 part in 104.c Examples of suitable designs are shown in Figure 2.5.
For methods of calculating the emissivities of various blackbody
cavities suitable for radiation thermometry see Bedford (1988), and
Quinn (1990). If € is different from unity it should appear as a factor
in the denominator of Equations (6.3) and (6.4).

(h) The error AT, in Ty, resulting from an error ATy, (Ag) in the silver
point measurement is given (in the short wavelength or Wien

approximation, see Section 1.3.1) by:

T 2
ATy, = ATyy(Ag) [ m%f,’@ : (6.12)

(i) Direct calculation of Ty, from Equation (6.3) is an iterative procedure.
If a first approximation is obtained from Equation (6.1) using for A
the wavelength at the peak of 7;(A), an accuracy of 10 mK can be
achieved in two or three iterations.

() Several methods for avoiding the iterative calculation of
Equation (6.3) have been proposed (see Section 6.2.3).

(k) Diffraction and scattering together produce an effect known as the
size-of-source effect. A certain amount of radiant flux reaching the
detector originates outside the geometrical field of view of the optical
system of the thermometer. This results in a small source’s having a
lower apparent temperature than does a larger one actually at the
same temperature. This is known as the size-of-source effect. The

effect is approximately inversely proportional to the diameter of the
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source. For a 1 mm diameter source, and assuming well-designed
optics, this effect may be of the order of 0,2 K ; it is important that
the magnitude of this effect for a particular radiation thermometer be
measured. Two methods of measuring the size-of-source effect are
illustrated in Figure 6.5 [Coates and Andrews (1978), Jones and
Tapping (1982) and Ohtsuka and Bedford (1989)]. Battuello et al.
(1990) obtained an effective reduction of the size-of-source effect by
placing in front of the blackbody aperture a disc-shaped auxiliary
heater that provided a uniform temperature distribution around the

target of the thermometer.

6.5.2 ADDITIONAL SOURCES oF ERROR

(a) Any radiation thermometer will indicate too low a temperature if its

()

entrance aperture is not properly filled, which may occur if stops,
mirrors, prisms, etc. are used in an improper manner along the
external optical path.

Absorbing materials (dust, vapours) along the optical path or on
radiation thermometer components will cause too low a temperature

indication.

(c) Radiation from sources near to and hotter than the target can, if

D

reflected along the optical path, cause the temperature indication to
be much too high.
Tungsten strip lamp calibrations change several degrees upon current

reversal. The user must be sure that the polarity is correct.

(e) If windows are used between the target and radiation thermometer,

the measured temperature must be corrected for the effect of window

transmittance.
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FIGURES AND REFERENCES

A radiation thermometer using a refracting optical system

Figure 6.1
[after Jones and Tapping (1982)]
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In later versions of this instrument a

silicon photodetector has replaced the photomultiplier and the sectored

disk no longer used.

Figure 6.2 A radiation thermometer using a reflecting optical system
Section 6.1.

[after Quinn and Chandler (1972)].
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Figure 6.3 A high-stability vacuum-type tungsten strip lamp for use up to
about 1700 °C.
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Figure 6.4 Schematic of the optical system of a transfer-standard
radiation thermometer; T, target; L,, moveable objective lens; L,,
objective lens ; Lg, field lens ; MD, mirror diaphragm ; AS, aperture stop ;
FS, field stop ; S, shutter ; I, interference mirror ; E, eyepiece [after Rosso
and Righini (1985)].
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Figure 6.5 Methods for measuring the size-of-source effect. (a) using a
source of variable diameter illuminated by a supplementary lamp ;
(b) using a range of apertures placed in the centre of a furnace.
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APPENDIX 1

The International Temperature Scale
of 1990 (ITS-90)

The following text is taken from Metrologia, 1990, 27, 3-10.
The official French text of the International Temperature Scale of
1990 (ITS-90) is published in the BIPM Proc.-Verb. Com. Int. Poids et

Mesures, 1989, 57, T1-21.
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Introductory Note .

The official French text of the ITS-90 is published by the
BIPM as part of the Procés-verbaux of the Comité Inter-
national des Poids et Mesures (CIPM). However, the
English version of the text reproduced here has been au-
thorized by the Comité Consultatif de Thermométrie
(CCT) and approved by the CIPM.

The International Temperature Scale of 1990

The International Temperature Scale of 1990 was adopt-
ed by the International Committee of Weights and Mea-
sures at its meeting in 1989, in accordance with the re-
quest embodied in Resolution 7 of the 18th General
Conference of Weights and Measures of 1987. This scale
supersedes the International Practical Temperature Scale
of 1968 (amended edition of 1975) and the 1976 Provi-
sional 0,5 K to 30 K Temperature Scale.

1. Units of Temperature

The unit of the fundamental physical quantity known as
thermodynamic temperature, symbol T, is the kelvin,
symbol K, defined as the fraction 1/273,16 of the thermo-
dynamic temperature of the triple point of water®.

Because of the way earlier temperature scales were
defined, it remains common practice to express a temper-
ature in terms of its difference from 273,15 K, the ice
point. A thermodynarnic temperature, T, expressed in this
way is known as a Celsius temperature, symbol z, defined
by:

1/°C = T/K —273,15 . )

! Comptes Rendus des Séances de la Treiziéme Conférence Géné-
rale des Poids es Mesures (1967—1968), Resolutions 3 and 4, p. 104

The unit of Celsius temperature is the degree Celsius,
symbol °C, which is by definition equal in magnitude to
the kelvin. A difference of temperature may be expressed
in kelvins or degrees Celsius.

The International Temperature Scale of 1990 (ITS-90)
defines both International Kelvin Temperatures, symbol
154, and International Celsius Temperatures, symbol t,,,.
The relation between Ty, and t4, is the same as that
between Tand ¢, ie.:

too/°C = To/K—273,15 . 2)

The unit of the physical quantity T, is the kelvin,
symbol K, and the unit of the physical quantity t,, is the
degree Celsius, symbol °C, as is the case for the thermody-
namic temperature T and the Celsius temperature ¢.

2. Principles of the International Temperature Scale
of 1990 (ITS-90)

The ITS-90 extends upwards from 0,65 K to the highest
temperature practicably measurable in terms of the
Planck radiation law using monochromatic radiation.
The ITS-90 comprises a number of ranges and sub-ranges
throughout each of which temperatures T, are defined.
Several of these ranges or sub-ranges overlap, and where
such overlapping occurs, differing definitions of T, exist:
these differing definitions have equal status. For measure-
ments of the very highest precision there may be detect-
able numerical differences between measurements made
at the same temperature but in accordance with differing
definitions. Similarly, even using one definition, at a tem-
perature between defining fixed points two acceptable
interpolating instruments (e.g. resistance thermometers)
may give detectably differing numerical values of Tg,. In
virtually all cases these differences are of negligible practi-
cal importance and are at the minimum level consistent
with a scale of no more than reasonable complexity: for
further information on this point, see “Supplementary
Information for the ITS-90” (BIPM-1990).
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The ITS-90 has been constructed in such a way that,
throughout its range, for any given temperature the nu-
merical value of Ty, is a close approximation to the nu-
merical value of T according to best estimates at the time
the scale was adopted. By comparison with direct mea-
surements of thermodynamic temperatures, measure-
ments of Ty, are more easily made, are more precise and
are highly reproducible.

There are significant numerical differences between
the values of Ty, and the corresponding values of Tgq
measured on the International Practical Temperature
Scale of 1968 (IPTS-68), see Fig. 1 and Table 6. Similarly
there were differences between the IPTS-68 and the Inter-
national Practical Temperature Scale of 1948 (IPTS-48),
and between the International Temperature Scale of 1948
(ITS-48) and the International Temperature Scale of 1927
(ITS-27). See the Appendix and, for more detailed infor-
mation, “Supplementary Information for the I'TS-90".

3. Definition of the International Temperature Scale
of 1990

Between 0,65 K and 5,0 K Ty, is defined in terms of the
vapour-pressure temperature relations of 3He and “He.

Between 3,0K and the triple point of neon
(24,5561 K) T, is defined by means of a helium gas ther-
mometer calibrated at three experimentally realizable
temperatures having assigned numerical values (defining
fixed points) and using specified interpolation procedures.

Between the triple point of equilibrium hydrogen
(13,8033 K) and the freezing point of silver (961,78 °C) Ty,
is defined by means of platinum resistance thermometers
calibrated at specified sets of defining fixed points and
using specified interpolation procedures.

Above the freezing point of silver (961,78°C) T, is
defined in terms of a defining fixed point and the Planck
radiation law.

The defining fixed points of the ITS-90 are listed in
Table 1. The effects of pressure, arising from significant
depths of immersion of the sensor or from other causes,
on the temperature of most of these points are given in
Table 2.

3.1. From 0,65 K to 5,0 K: Helium Vapour-Pressure
Temperature Equations

In this range T, is defined in terms of the vapour pressure
p of *He and “He using equations of the form:

To/K = Ao+ 5. A, (n (p/Pa)—B)C] )

The values of the constants 4,, 4;, B and C are given in
Table 3 for *He in the range of 0,65 K to 3,2 K, and for
“He in the ranges 1,25K to 2,1768 K (the 4 point) and
2,1768 K to 5,0K.

3.2. From 3,0 K to the Triple Point of Neon (24,5561 K) :
Gas Thermometer

In this range Ty, is defined in terms of a *He or a *He gas
thermometer of the constant-volume type that has been
calibrated at three temperatures. These are the triple
point of neon (24,5561 K), the triple point of equilibrium
hydrogen (13,8033 K), and a temperature between 3,0 K
and 5,0 K. This last temperature is determined using a
3He or a “He vapour pressure thermometer as specified in
Sect. 3,1.




Table 1. Defining fixed points of the ITS-90

Num- Temperature Sub-  State® W.(T,,)
ber stance®
Ty0/K L50/°C
1 3to$ —270,15to He A
—268,15
2 13,8033 —259,3467 eH, T 0,001 190 07
3 =17 x> —256,15 eH, V
(or He) {or G)
4 =203 =~ -—-25285 e-H, V
{or He) (or G)
5 24,5561 —248,5939 Ne T 0,008 449 74
6 54,3584 2187916 O, T 0,091 718 04
7 83,8058 —189,3442 Ar T 0,215 859 75
8 2343156 38,8344 Hg T 0,844 142 11
9 273,16 0,01 H,O T 1,600 000 00
10 302,9146 20,7646 Ga M 1,118 138 89
11 429,7485 156,5985 In F 1,609 801 85
12 505,078 231,928 Sn F 1,892 797 68
13 692,677 419,527 Zn F 2,568 917 30
14 933473 660,323 Al F 3,376 008 60
15 123493 961,78 Ag F 4,286 420 53
16 1337,33 1064,18 Au F
17 135777 1084,62 Cu F

® All substances except *He are of natural isotopic composition,
e-H, is hydrogen at the equilibrium concentration of the ortho- and
para-molecular forms

® For complete definitions and advice on the realization of these
various states, see “Supplementary Information for the ITS-90”. The
symbols have the following meanings: V: vapour pressure point;
T: triple point (temperature at which the solid, liquid and vapour
phases are in equilibrium); G: gas thermometer point; M, F: melting
point, freezing point (temperature, at a pressure of 101 325 Pa, at
which the solid and liquid phases are in equilibrium)

Table 2. Effect of pressure on the temperatures of some defining
fixed points ~

Substance Assigned Temperature Variation
value of with pressure, p with depth, /
equilibrium (dT/dp)/ (d77dly
temperature (103K -Pa™%)* (1073 K -m™!)**
Tyo/K

e-Hydrogen (T) 13,8033 34 0,25

Neon (T) 24,5561 16 1,9

Oxygen (T) 54,3584 12 1,5

Argon (T) 83,8058 25 33

Mercury (T) 2343156 54 7.1

Water (T) 273,16 -175 —-0,73

Gallium 3029146 —2,0 -1,2

Indium 4297485 4,9 3,3

Tin 505,078 33 22

Zinc 692,677 4,3 2,7

Aluminium 933473 7,0 1,6

Silver 123493 6,0 54

Gold 1337,33 6,1 10

Copper 1357.77 3.3 2,6

* Equivalent to millikelvins per standard atmosphere

** Equivalent to millikelvins per metre of liquid

* The Reference pressure for melting and freezing points is the
standard atmosphere (p,=101 325 Pa). For triple points (T) the
pressure effect is a consequence only of the hydrostatic head of
liquid in the cell
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Table 3. Values of the constants for the helium vapour pressure
Egs. (3), and the temperature range for which each equation, identi-
fied by its set of constants, is valid

*He “He “He
065Kt032K 125K 1t02,1768K 21768K to 50K
A,y 1,053 447 1,392 408 3,146 631
A4, 0,980 106 0,527 153 1,357 655
A, 0,676 380 0,166 756 0,413 923
Ay 0,372 692 0,050 988 0,091 159
A, 0,151 656 0,026 514 0,016 349
A -0,002 263 0,001 975 0,001 826
Ag 0,006 596 -0,017 976 —0,00 4325
A, 0,088 966 0,005 409 —0,00 4973
Ag —~0,004 770 0,013 259 0
Ay —0054 943 0 0
B 73 5,6 10,3
C 4,3 2,9 1,9

3.2.1. From4,2 K1to the Triple Point of Neon (24,5561 K
with “*He as the Thermometric Gas. In this range Ty, is
defined by the relation:

T90=a+bp+cp29 (4)

where p is the pressure in the gas thermometer and q, b
and c are coefficients the numerical values of which are
obtained from measurements made at the three defining
fixed points given in Sect. 3.2, but with the further restric-
tion that the lowest one of these points lies between 4,2 K
and 5,0 K.

3.2.2. From 3,0 K to the Triple Point of Neon (24,5561 K)
with *He or *He as the Thermometric Gas. For a *He gas
thermometer, and for a “He gas thermometer used below
4,2 K, the non-ideality of the gas must be accounted for
explicitly, using the appropriate second virial coefficient
B, (Ty) or B, (Tg0). In this range Ty, is defined by the
relation:

_a+bp+cp?
T 1+B,(T,) N/V®

where p is the pressure in the gas thermometer, a, b and
¢ are coefficients the numerical values of which are ob-
tained from measurements at three defining temperatures
as given in Sect. 3.2, N/V is the gas density with N being
the quantity of gas and V the volume of the bulb, x is 3
or 4 according to the isotope used, and the values of the
second virial coefficients are given by the relations:

For 3He,

B (Tyo)/m® mol™* = {16,69— 336,98 (Tyo/K) ™" (62)
+91,04 (Ty/K) "2 —13,82 (To,/K) ™3} 1076 .

Tso &

For “He,

B, (T,,)/m® mol~! = {16,708 — 374,05 (T)o/K)™*  (6b)
— 383,53 (Tyo/K) " 2+1799,2 (Tyo/K) ™2
—4033,2 (T5/K) "% +3252,8 (T, /K)~ 11078,
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Table 4. The constants Ay, 4,; By, B;; Cq, Cy; Dy and D, in the
reference functions of equations (9a); (9b); (10a); and (10b) respec-
tively

Ao —213534729 B, -—0,183324722 B,, —0,091173 542

A, 318324720 B, 0240975303 B,, 0001317 696

A, —180143597 B, 0209108771 B,, 0,026025 526
A3 071727204 B,  0,190439972
A, 050344027 B, 0,142 648 498
A5 —061899395 B, 0077993 465
A —005332322 B, 0012475611
4, 028021362 B, —0,032267127
Ay 010715224 B, —0,075291 522
A, —029302865 B, —0,056470670
10 004459872 B,, 0076201 285
., 011868632 B,, 0123893204
~0,052 481 34 —0,029 201 193

Co 278157254 D, 439932854
C, 1,646 50916 D, 472,418 020

C, —013714390 D, 37,684 494
C; —000649767 D, 7472018
C, —000234444 D, 2920828
Cs 000511868 D, 0,005 184
Cs 000187982 D, —0963864
C, —000204472 D, —0,188732
Cs —000046122 D, 0,191 203
C, 000045724 D, 0,049 025

The accuracy with which Ty, can be realized using Egs. (4)
and (5) depends on the design of the gas thermometer and
the gas density used. Design criteria and current good
practice required to achieve a selected accuracy are given
in “Supplementary Information for the ITS-90”.

3.3. The Triple Point of Equilibrium Hydrogen
(13,8033 K) to the Freezing Point of Silver (961,78°C) .
Platinum Resistance Thermometer

In this range T, is defined by means of a platinum resis-
tance thermometer calibrated at specified sets of defining
fixed points, and using specified reference and deviation
functions for interpolation at intervening temperatures.

No single platinum resistance thermometer can
provide high accuracy, or is even likely to be usable, over
all of the temperature range 13,8033 K to 961,78°C. The
choice of temperature range, or ranges, from among those
listed below for which a particular thermometer can be
used is normally limited by its construction.

For practical details and current good practice, in
particular concerning types of thermometer available,
their acceptable operating ranges, probably accuracies,
permissible leakage resistance, resistance values, and
thermal treatment, see “Supplementary Information for
the ITS-90”. It is particularly important to take account
of the appropriate heat treatments that should be fol-
lowed each time a platinum resistance thermometer is
subjected to a temperature above about 420°C.

Temperatures are determined in terms of the ratio of
the resistance R (T;,) at a temperature T, and the resis-

W (o= o+ 5 4|

tance R (273,16 K) at the triple point of water. This ratio,

W (Too), is*:

W (Tye) = R(T50)/R (273,16 K) . (7)
An acceptable platinum resistance thermometer must

be made from pure, strain-free platinum, and it must sat-
isfy at least one of the following two relations:

W (29,7646 °C)>1,118 07, (8a)
W (—38,8344°C)<0,844 235. 8b)

An acceptable platinum resistance thermometer that
is to be used up to the freezing point of silver must also
satisfy the relation:

W (961,78°C)>4,2844 . (8¢

In each of the resistance thermometer ranges, Ty, is
obtained from W, (T;) as given by the appropriate refer-
ence function {Egs.(9b) or (10b)}, and the deviation
W (Ty) — W, (Tyo). At the defining fixed points this devia-
tion is obtained directly from the calibration of the ther-
mometer: at intermediate temperatures it is obtained by
means of the appropriate deviation function {Egs. (12),
(13) and (14)}.

(i) — For the range 13,8033 K

reference function is defined:

In (Ty/273,16 K)+1,5]
(Too/ = ) ] .(9a)

An inverse function, equivalent to Eq.(9a) to within
0.1 mK, is:

273,16 K the following

15 1/6 _ i
150/273,16 K = By+ 3~ B, [M] . (9b)
i=1 0,35 -
The values of the constants 4,, 4;, B, and B, are given in
Table 4.

A thermometer may be calibrated for use throughout
this range or, using progressively fewer calibration points,
for ranges with low temperature limits of 24,5561 K,
54,3584 K and 83,8058 K, all having an upper limit of
273,16 K.

(i) - For the range 0°C to 961,78 °C the following refer-
ence function is defined:

ndK—ﬁaﬁT

481 (10a)

9
W, (Tyo) = Co+_§1 Ci[
An inverse function, equivalent to equation (10a) to with-
in 0.13 mX is:

9 —
Too/K~27315=Dy+ 3. D, [ZV,_(T%%_;,_@
i=1 K

The values of the constants C,, C;, D, and D, are given in
Table 4.

i
] . (10b)

? Note that this definition of W (Tj,) differs from the corresponding
definition used in the ITS-27, ITS-48, IPTS-48, and IPTS-68: for all
of these earlier scales W(T) was defined in terms of a reference
temperature of 0°C, which since 1954 has itself been defined as
27315K



A thermometer may be calibrated for use throughout
this range or, using fewer calibration points, for ranges
with upper limits of 660,323°C, 419,527°C, 231,928°C,
156,5985°C or 29,7646 °C, all having a lower limit of 0°C.,

(iii) ~ A thermometer may be calibrated for use in the
range 234,3156 K (—38,8344°C) to 29,7646°C, the cali-
bration being made at these temperatures and at the triple
point of water. Both reference functions {Eqs. (9) and
(10)} are required to cover this range.

The defining fixed points and deviation functions for
the various ranges are given below, and in summary form
in Table 5.

3.3.1. The Triple Point of Equilibrium Hydrogen
(13,8033 K) to the Triple Point of Water (273,16 K).
The thermometer is calibrated at the triple points of equi-
librium hydrogen (13,8033 K), neon (24,5561 K), oxygen
(54,3584 K), argon (83,8058 K), mercury (234,3156 K),
and water (273,16 K), and at two additional temperatures
close to 17,0 K and 20,3 K. These last two may be deter-
mined either: by using a gas thermometer as described in
Sect. 3.2, in which case the two temperatures must lie
within the ranges 16,9 K to 17,1 K and 20,2 K to 204 K
respectively; or by using the vapour pressure-temperature
relation of equilibrium hydrogen, in which case the two
temperatures must lie within the ranges 17,025K to
17,045 K and 20,26 K to 20,28 K respectively, with the
precise values being determined from Eqgs. (11a)and (11 b)
respectively:

T,0/K — 17,035 = ( p/kPa — 33,3213)/13,32
Too/K~20,27 = (p/kPa—101,292)/30.
The deviation function is 3:

W (Too)= W, (Too) = 6 W (Tog) ~ 114+ 5 [W (Tyo)— 11
5
+ 3 Gl W (Tl (12

(11a)
(11b)

with values for the coefficients g, b and ¢, being obtained
from measurements at the defining fixed points and with
n=2.

For this range and for the sub-ranges 3.3.1.1 to 3.3.1.3
the required values of W,(T,) are obtained from Eq. (9b)
or from Table 1.

3.3.1.1. The Triple Point of Neon (24,5561 K) to the
Triple Point of Water (273,16 K). The thermometer is
calibrated at the triple points of equilibrium hydrogen
(13,8033 K), neon (24,5561 K), oxygen (54,3584 K), argon
(83,8058 K), mercury (234,3156 K) and water (273,16 K).

The deviation function is given by Eq. (12) with values
for the coefficients 4, b, ¢, , ¢, and ¢, being obtained from
measurements at the defining fixed points and with
ca=cs=n=0.

3.3.1.2. The Triple Point of Oxygen (54,3584 K) to the
Triple Point of Water (273,16 K). The thermometer is

3 This deviation function {and also those of Eqgs. (13) and (14)} may
be expressed in terms of W, rather than W for this procedure see
“Supplementary Information for 1TS-90”
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Table 5. Deviation functions and calibration points for platinum
resistance thermometers in the various ranges in which they define
T5o

a Ranges with an upper limit of 273,16 K

Sec- Lower Deviation functions
tion temper-

ature limit

Calibration
points
(see Table 1)

T/K
331 13,8033 a[Wngo)——1]~i-b[W(T90)——1]2 2-9
+ ¥ qlin W(T i *", n=2
i=1
3311 24,5561  Asfor 3.3.1 with ¢y=cs=n=0 2,5-9
3312 543584  Asfor 3.3.1 with 6-9
== =Cc5=0, n=1
3313 83,8058 a[W(Ty)—1] 7-9

+b{W (To0)—1]1n W (Ty)

b Ranges with a lower limit of 0°C

Sec- Upper Deviation functions Calibration
tion temper- points
ature limit (see Table 1)
t/°C
3.3.2* 961,78 alW (Tye)— 1]+ b[W (Tyo)—1)* 9,12-15
+c[W(Tyo)— 12 +d[W(T,,)
— W (660,323 °C)}?
3321 660,323 As for 3.3.2 with d=0 9,12-14
3322 419527  Asfor 3.3.2 with c=d=0 9,12,13
3.32.3 231,928 As for 3.3.2 with c=d=0 9,11,12
3.3.24 156,5985 Asfor 3.3.2 with b=c=d=0 9,11
3325 29,7646  Asfor 3.3.2 with b=c=d=0 9,10

¢ Range from 234,3156 K (—38,8344°C) to 29,7646°C
333 As for 3.3.2 with c=d=0 8-10

* Calibration points 9, 12-14 are used with d=0 for t455<
660,323°C; the values of g, b and ¢ thus obtained are retained for
19> 660,323 °C, with d being determined from calibration point 15

calibrated at the triple points of oxygen (54,3584 K),
argon (83,8058 K), mercury (234,3156 K) and water
(273,16 K).

The deviation function is given by Eq. (12) with values
for the coefficients a, b and ¢, being obtained from mea-
surements at the defining fixed points, with ¢, =¢;=
¢,=c5=0 and with n=1.

3.3.1.3. The Triple Point of Argon (83,8058 K) to the
Triple Point of Water (273,16 K). The thermometer is
calibrated at the triple points of argon (83,8058 K), mer-
cury (234,3156 K) and water (273,16 K).
The deviation function is:

W (Ty0)— Wi (Too) = a[W (Tyo)— 1]

+b[W (Tso)—111n W (T50) (13)
with the values of g and b being obtained from measure-
ments at the defining fixed points.

3.3.2. From 0°C to the Freezing Point of Silver
(961,78°C). The thermometer is calibrated at the triple
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point of water (0,01 °C), and at the freezing points of tin
(231,928°C), zinc (419,527°C), aluminium (660,323 °C)
and silver (961,78°C).

The deviation function is:

W (Ty0)— W, (Tso) = alW (Too) = 1]+ b [W (Tyo)- 11> (14)
+¢[W(Too)— 11> +d[W (To0) — W (660,323 °C)J .

For temperatures below the freezing point of aluminium
d=0, with the values of g, b and ¢ being determined from
the measured deviations from W,(T,,) at the freezing
points of tin, zinc and aluminium. From the freezing point
of aluminium to the freezing point of silver the above
values of a, b and ¢ are retained and the value of d is
determined from the measured deviation from W, (T;,) at
the freezing point of silver.

For this range and for the sub-ranges 3.3.2.1 t0 3.3.2.5
the required values for W.(T,,) are obtained from
Eq. (10b) or from Table 1.

3.3.2.1. From 0°C to the Freezing Point of Aluminium
(660,323°C). The thermometer is calibrated at the triple
point of water (0,01 °C), and at the freezing points of tin
(231,928 °C), zinc (419,527 °C) and aluminium (660,323 °C).

The deviation function is given by Eq. (14), with the
values of g, b and ¢ being determined from measurements
at the defining fixed points and with d=0.

3.3.2.2. From 0°C to the Freezing Point of Zinc
(419,527°C). The thermometer is calibrated at the triple
point of water (0,01 °C), and at the freezing points of tin
(231,928°C) and zinc (419,527°C).

The deviation function is given by Eq. (14) with the
values of a and b being obtained from measurements at
the defining fixed points and with ¢c=d=0.

3.3.2.3. From 0°C to the Freezing Point of Tin
(231,928°C). The thermometer is calibrated at the triple
point of water (0,01 °C), and at the freezing points of indi-
um (156,5985°C) and tin (231,928°C).

The deviation function is given by Eq. (14) with the
values of a and b being obtained from measurements at
the defining fixed points and with ¢=d=0.

3.3.24. From 0°C to the Freezing Point of Indium
(156,5985°C). The thermometer is calibrated at the
triple point of water (0,01 °C), and at the freezing point of
indium (156,5985°C).

The deviation function is given by Eq. (14) with the
value of a being obtained from measurements at the defin-
ing fixed points and with b=c=d=0.

3.3.25. From 0°C to the Melting Point of Gallium
(29,7646°C). The thermometer is calibrated at the triple
point of water (0,01 °C), and at the melting point of galli-
um (29,7646 °C).

The deviation function is given by Eq. (14) with the
value of a being obtained from measurements at the defin-
ing fixed points and with b=c=d=0.

3.3.3. The Triple Point of Mercury ( —38,8344°C) to the
Melting Point of Gallium (29,7646°C). The thermometer

is calibrated at the triple points of mercury (— 38,8344 °C),
and water (0,01 °C), and at the melting point of gallium
(29,7646 °C).

The deviation function is given by Eq. (14) with the
values of a and b being obtained from measurements at
the defining fixed points and with c=d=0.

The required values of W.(T;,) are obtained from
Egs. (9b) and (10b) for measurements below and above
273,16 K respectively, or from Table 1.

3.4. The Range Above the Freezing Point of Silver
{961,78°C) : Planck Radiation Law

Above the freezing point of silver the temperature Ty, is
defined by the equation:

L, (Ty0) _&p (e, [A Ty (X)) —1
L, [T5(X)] exp (¢, [A Tyo) ™ H—1

where Ty, (X) refers to any one of the silver {T,,(Ag)
=123493 K}, the gold {7;,(Au)=1337,33K} or the
copper {T;o(Cu)=1357,77 K} freezing points* and in
which L,(T,,) and L,(Ty,)(X)] are the spectral concen-
trations of the radiance of a blackbody at the wavelength
(in vacuo) A at Ty, and at T, (X) respectively, and
c,=0,014388 m - K.

For practical details and current good practice for
optical pyrometry, see “Supplementary Information for
the ITS-90” (BIPM-1990).

(15)

4. Supplementary Information and Differences
from Earlier Scales

The apparatus, methods and procedures that will serve to
realize the ITS-90 are given in “Supplementary Informa-
tion for the ITS-90”. This document also gives an account
of the earlier International Temperature Scales and the
numerical differences between successive scales that in-
clude, where practicable, mathematical functions for the
differences Ty, — Tys . A number of useful approximations
to the ITS-90 are given in “Techniques for Approximating
the ITS-90",

These two documents have been prepared by the
Comité Consultatif de Thermométrie and are published
by the BIPM; they are revised and updated periodically.

The differences T,,— Tys are shown in Fig. 1 and
Table 6. The number of significant figures given in Table 6
allows smooth interpolations to be made. However, the
reproducibility of the IPTS-68 is, in many areas, substan-
tially worse than is implied by this number.

* The Ty, values.of the freezing points of silver, gold and copper are
believed to be self consistent to such a degree that the substitution
of any one of them in place of one of the other two as the reference
temperature Ty, (X) will not result in significant differences in the
measured values of Tg,.



Table 6. Differences between ITS-90 and EPT-76, and between ITS-90 and IPTS-68 for specified values of Ty, and too

(Tgo— T)/mK

T,o/K 0 { 2 3 4 5 6 7 8 9
0 -0,1 —-0,2 -0,3 —0,4 -0,5
10 —0,6 -0,7 -08 —-1,0 -1,1 -1,3 -1,4 —-1,6 —-18 -2.0
20 -2.2 -25 —-2,7 -30 -~3,2 -3,5 —-3.8 —4,1
{Tog— Teg /K
Too/K 0 1 2 3 4 5 6 7 8 9
10 ~0,006 -0,003 —0,004 —0,006 —0,008 —-0,009
20 -0,009 —0,008 -0,007 —0,007 -0,006 -0,005 —0,004 —0,004 —0,008 —0,006
30 —0,006 —0,007 —0,008 -0,008 0,008 —-0,007 —0,007 —0,007 —0,006 —0,006
40 -0,006 —0,006 —0,006 -0,006- —~0,006 -0,007 —0,007 —0,007 -0,006 —0,006
50 —0,006 —0,005 —0,005 —0,004 ~0,003 -0,002 - 0,001 0,000 0,001 0,002
60 0,003 0,003 0,004 0,004 0,005 0,005 0,006 0,006 0,007 0,007
70 0,007 0,007 0,007 0,607 0,007 0,008 0,008 0,008 0,008 0,008
80 0,008 0,008 0,008 0,008 0,008 0,008 0,008 0,008 0,008 0,008
90 0,008 0,008 0,008 0,008 0,008 0,008 0,008 0,009 0,009 0.009
T5/K 0 10 20 30 40 50 60 70 80 90
100 0,009 0,011 0,013 0,014 0,014 0,014 0,014 0,013 0,012 0,012
200 0,011 0,010 0,009 0,008 0,007 0,005 0,003 0,001
{tgo—16g)/°C
L9p/"C 0 —10 ~20 ~30 —40 ~50 ~60 -70 ~80 ~90
— 100 0,013 0,013 0,014 0,014 0,014 0,013 0,012 0,010 0,008 0,008
0 0,000 0,002 0,004 0,006 0,008 0,009 0,010 0,011 0,012 0,012
tooi C 0 10 20 30 40 50 60 70 80 90
0 0000 —0002 —0005 —0007 —0010 —0013 —0016 —0018 —0021  —0,024
100 —0026 —0028 0030 -0032 -0034 —0036 —0037 —0038 —003%  —0039
200 ~0040 —0,040 0,040 —0040 —0040 —0040 —0040  —0039  —0039  —0039
300 —0039  —0039 0039 —0040 —0040 —004  —0042 —0043 —0045  —0046
400 ~0048  —0051  —0053  —0056 —005 —0062 —0065 —0068 —0072  —0075
500 ~0079  —0083 —0087 —009 —0094 —0098 —0401 —0105 —0108  —0,112
600 _0115  —0,18  —0,122  —0125* —008  —0,03 0,02 0,06 0.11 0,16
700 0.20 0,24 0,28 0,31 0,33 0,35 0,36 0,36 0,36 0,35
800 0,34 0,32 0,29 0,25 0,22 0,18 0,14 0,10 0,06 0,03
900 —-0,01 —-0,03 —0,06 —0,08 -0,10 -0,12 -0,14 —-0,16 -0,17 —-0,18
1000 ~0,19 ~0,20 —-0.21 -0,22 -0,23 —-0,24 -0,25 —-0,25 -0,26 —-0,26
1g0/°C 0 100 200 300 400 500 600 700 800 900
1000 026  -030  —0#35 —0$39 —0p44 —049  —054  —060  —0,66
2000 072 —079  —085  —093  —100  —107  —115  —124  -132  —141
3000 150  —159  —169  —178  —189  —199  —210  —22f  —232  —243

* A discontinuity in the first derivative of (15—1tgg) OCcUrs at a temperature of 5, =630,6 °C,at which (5o —ts5)= ~0,125°C

Appendix

The International Temperature Scale of 1927 (ITS-27)

The International Temperature Scale of 1927 was adopted by the
seventh General Conference of Weights and Measures to overcome
the practical difficulties of the direct realization of thermodynamic
temperatures by gas thermometry, and as a universally acceptable
replacement for the differing existing national temperature scales.
The ITS-27 was formulated so as to allow measurements of temper-
ature to be made precisely and reproducibly, with as close an ap-
proximation to thermodynamic temperatures as could be deter-
mined at that time. Between the oxygen boiling point and the gold
freezing point it was based upon a number of reproducible temper-
atures, or fixed points, to which numerical values were assigned, and
two standard interpolating instruments. Each of these interpolating
instruments was calibrated at several of the fixed points, this giving
the constants for the interpolating formula in the appropriate tem-
perature range. A platinum resistance thermometer was used for the
lower part and a platinum rhodium/platinum thermocouple for

temperatures above 660 °C. For the region above the gold freezing
point, temperatures were defined in terms of the Wien radiation law:
in practice, this invariably resulted in the selection of an optical
pyrometer as the realizing instrument.

The International Temperature Scale of 1948 (ITS-48)

The International Temperature Scale of 1948 was adopted by the
ninth General Conference. Changes from the ITS-27 were: the low-
er limit of the platinum resistance thermometer range was changed
from —190°C to the defined oxygen boiling point of —182,97°C,
and the junction of the platinum resistance thermometer range and
the thermocouple range became the measured antimony freezing
point (about 630°C) in place of 660°C; the silver freezing point
was defined as being 960,8 °C instead of 960,5°C; the gold freezing
point replaced the gold melting point (1063 °C); the Planck radia-
tion law replaced the Wien law; the value assigned to the second
radiation constant became 1,438 x 10~ % m - K in place of 1,432 x
107 % m - K; the permitted ranges for the constants of the interpola-
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tion formulae for the standard resistance thermometer and thermo-
couple were modified; the limitation on AT for optical pyrometry
(AT <3 x 10~3 m - K) was changed to the requirement that *visible”
radiation be used.

The International Practical Temperature Scale
of 1948 ( Amended Edition of 1960) (IPTS-48)

The International Practical Temperature Scale of 1948, amended
edition of 1960, was adopted by the eleventh General Conference:
the tenth General Conference had already adopted the triple point
of water as the sole point defining the kelvin, the unit of thermody-
namic temperature. In addition to the introduction of the word
“Practical”, the modifications to the ITS-48 were: the triple point
of water, defined as being 0,01 °C, replaced the melting point of ice
as the calibration point in this region; the freezing point of zinc,
defined as being 419,505°C, became a preferred alternative to the
sulphur boiling point (444,6 °C) as a calibration point; the permitted
ranges for the constants of the interpolation formulae for the stan-
dard resistance thermometer and the thermocouple were further
maodified; the restriction to “visible” radiation for optical pyrome-
try was removed.

Inasmuch as the numerical values of temperature on the IPTS-
48 were the same as on the ITS-48, the former was not a revision of
the scale of 1948 but merely an amended form of it.

The International Practical Temperature Scale
of 1968 (IPTS-68)

In 1968 the International Committee of Weights and Measures
promulgated the International Practical Temperature Scale of 1968,
having been empowered to do so by the thirteenth General Confer-
ence of 1967-1968. The IPTS-68 incoporated very extensive
changes from the IPTS-48. These included numerical changes, de-
signed to bring it more nearly in accord with thermodynamic tem-
peratures, that were sufficiently large to be apparent to many users.
Other changes were as follows: the lower limit of the scale was
extended down to 13,81 K; at even lower temperatures (0,5K to
5,2 K), the use of two helium vapour pressure scales was recom-
mended; six new defining fixed points were introduced ~ the triple
point of equilibrium hydrogen (13,81 K), an intermediate equilibri-
um hydrogen point (17,042 K), the normal boiling point of equilib-
rium hydrogen (20,28 K), the boiling point of neon (27,102 K), the
triple point of oxygen (54,361 K), and the freezing point of tin
(231,9681 °C) which became a permitted alternative to the boiling
point of water; the boiling point of sulphur was deleted; the values
assigned to four fixed points were changed — the boiling point of
oxygen (90,188 K), the freezing point of zinc (419,58°C), the freez-
ing point of silver (961,93°C), and the freezing point of gold

(1064,43°C); the interpolating formulae for the resistance ther-
mometer range became much more complex; the value assigned to
the second radiation constant ¢, became 1,4388 x 1072 m - K; the
permitted ranges of the constants for the interpolation formulae for
the resistance thermometer and thermocouple were again modified.

The International Practical Temperature Scale
of 1968 ( Amended Edition of 1975) (IPTS-68)

The International Practical Temperature Scale of 1968, amended
edition of 1975, was adopted by the fifteenth General Conference in
1975. As was the case for the IPTS-48 with respect to the ITS-48,
the IPTS-68(75) introduced no numerical changes. Most of the
extensive textural changes were intended only to clarify and simplify
its use. More substantive changes were: the oxygen point was de-
fined as the condensation point rather than the boiling point; the
triple point of argon (83,798 K) was introduced as a permitted
alternative to the condensation point of oxygen; new values of the
isotopic composition of naturalily occurring neon were adopted; the
recommendation to use values of T given by the 1958 “He and 1962
3He vapour-pressure scales was rescinded.

The 1976 Provisional 0,5 K to 30 K Temperature Scale
(EPT-76)

The 1976 Provisional 0,5 K to 30 K Temperature Scale was intro-
duced to meet two important requirements: these were to provide
means of substantially reducing the errors (with respect to corre-
sponding thermodynamic values) below 27 K that were then known
to exist in the IPTS-68 and throughout the temperature ranges of
the *He and 3He vapour pressure scales of 1958 and 1962 respective-
ly, and to bridge the gap between 5,2 K and 13,81 K in which there
had not previously been an international scale. Other objectives in
devising the ETP-76 were “that it should be thermodynamicaily
smooth, that it should be continuous with the IPTS-68 at 27,1 K,
and that is should agree with thermodynamic temperature T as
closely as these two conditions allow”. In contrast with the IPTS-68,
and to ensure its rapid adoption, several methods of realizing the
ETP-76 were approved. These included: using a thermodynamic
interpolation instrument and one or more of eleven assigned refer-
ence points; taking differences from the IPTS-68 above 13,81 K;
taking differences from helium vapour pressure scales below 5 K;
and taking differences from certain well-established laboratory
scales, Because there was a certain “lack of internal consistency” it
was admitted that “slight ambiguities between realizations” might
be introduced. However the advantages gained by adopting the
EPT-76 as a working scale until such time as the IPTS-68 should be
revised and extended were considered to outweigh the disadvan-
tages.
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Revised Values for (tg9 — tgg) from 630°C to 1064°C

R. L. Rusby, R. P. Hudson and M. Durieux
{Members of Working Group 4
of the Comité Consultatif de Thermométrie)

Abstract. A revised table of differences (t9o —tgs) between values of temperature on the International Temperature
Scale of 1990, ITS-90, and the corresponding values on the International Practical Temperature Scale of 1968,
IPTS-68, is published at the request of the Comité Consultatif de Thermométrie (CCT). The revision affects only
the range 630°C to 1064 °C, where the IPTS-68 specified the use of platinum-10% rhodium versus platinum
thermocouples. It follows from new intercomparisons of thermocouples catrying IPTS-68 calibrations with platinum
resistance thermometers and radiation thermometers calibrated in accordance with the ITS-90. The largest change
occurs at 760 °C, where the difference formerly tabulated as 0,36 °C is now 0,04 °C. The revision concerns only
the assessment of the differences between the ITS-90 and the IPTS-68, and does not affect the ITS-90 in any way.

1. Introduction

This note has been prepared in response to a request
from the Comité Consultatif de Thermométrie (CCT), at
its 18th Meeting in September 1993, to publish a revised
version of the table of differences (tgo — tgs) between
values of temperature on the International Temperature
Scale of 1990, ITS-90 [11, and the International
Practical Temperature Scale of 1968, IPTS-68 [2]. The
original version was published as Table 6 and Figure 1
of [1].

The particular problem arose in the temperature
range 630,74 °C<tg3 <1064,43°C, in which range
the IPTS-68 was defined using the platinum-10%
rhodium/platinum thermocouple. As a result, the
precision and reproducibility of the scale were limited,
generally at the level of about +£0,1°C to 0,2°C.
This limitation affected all measurements and scale
comparisons involving the IPTS-68.

When the text of the ITS-90 was published, it
included a table of the scale differences (tgp — tes).
At that time there were no direct experimental data
in this range on which the values could be based,
and they were therefore deduced by indirect means
(see Section 3). Several new experiments now suggest
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that the actual differences are up to 0,3 °C smaller than
those tabulated and, although these too are subject to the
uncertainties asociated with the use of thermocouples,
it was concluded by the CCT that the table should be
revised.

In other ranges, where the instruments specified in
the ITS-90 are the same as they were in the IPTS-
68, the differences (Too — Tgs)/K and (tgg — tes)/°C
were abtainable directly from equivalent calibrations
on the two scales, and they are unchanged. The
differences (Tgo — Tg) between the ITS-90 and the
Echelle Provisoire de Température de 1976 entre 0,5 K
et 30 K, EPT-76, are also unaffected.

The revision of the table of differences does not
affect the ITS-90 itself. The original Table 6 and
Figure 1 were included in the text of the ITS-90 for
information only, in order to document, as well as they
were known, the changes in temperature values that
followed from the introduction of the new scale. The
number of significant figures given in the table was
such as to allow smooth interpolation, but the text of
the ITS-90 pointed out that “the reproducibility of the
IPTS-68 is, in many areas, substantially worse than is
implied by this number”,

The revised differences are given in Table 1 in this
note, and they are plotted in Figure |, which is a new
version of Figure 1 of [1}.

2. The Revised Differences

The differences (tgo~tgs) do not define the ITS-90 and,
indeed, the final preparation of Table 6 of the ITS-90
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Figore 1. The revised differences (fo0 — ts)/°C as a function of Celsius temperature.

Jollowed the adoption of the scale by the CCT. The
procedure used for deriving the differences is discussed
in Section 3.

At temperatures above 630°C, the ITS-90 was
derived from new thermodynamic determinations of the
freezing temperatures of aluminium, silver, gold and
copper, and from direct thermodynamic calibrations
of platinum resistance thermometers, using spectral
radjation pyrometry [3]. Thus it was derived ab
initio, without reference to the type S (platinum-10 %
rhodium/platinum) thermocouple. An account of the
thermodynamic basis of the ITS-80 has been published
[4].

Since type S thermocouples are not specified in
the ITS-90, the direct determination of the differences
(tgo - tss) in the range 630,74 °C <158 <1064,43°C
requires experimental comparisons between the two
scales: that is, type S thermocouples calibrated
as specified in the IPTS-68 must be compared
with platinum resistance thermometers and radiation
thermometers which have been calibrated in accordance
with the ITS-90. Several such experiments have now
been carried out as part of an international collaborative
effort leading to the derivation of new reference tables
for type S and other thermocouples.

The results of experiments with twenty-four type S
thermocouples in seven laboratories have been collated
and reported by Bums et al. [5, 6], whose superposition
of the (tgo — tgs) data for all twenty-four thermocouples
is reproduced in Figure 2. A fifth-degree polynomial

150

in tg9 was fitted to the data by iteratively-reweighted
least-squares regression, subject to the constraint that
it should pass through the specified differences of
-0,125°C at tg =630,615°C, —0,15°C at 961,78 °C,
and -0,25°C at 1064,18 °C. The final fit is indicated
by the bold line in Figure 2, and its equation is [5-7]

(too — tes)/°C = 7,868 7209 x 10!
~4,713599 1 x 107! (490/°C)
+1,095 471 5 x 1072 (t9/°C)?
~1,2357884 x 1078 (t59/°C)3
+6,773658 3 x 1070 (g0 /°C)*
~1,445808 1 x 1073 (149/°C)°.

By a decision of the CCT, the scale differences
given by this equation supersede the original differences
in the range 630,615°C <9 <1064,18°C. Table 1
of this note replaces Table 6 of [1], which was
also published as Table 1.5 of the Supplementary
Information for the ITS-90 [8), and in Appendix A
of the Techniques for Approximating the ITS-90 [9].
The equation replaces (1.4) of the Supplementary
Information.

Now that the differences are based on direct
measurements, with an uncertainty comparable with
the imprecision of the IPTS-68 in this region, it is not
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Table 1, Revised differences between the ITS-90 and the IPTS-68, and the differences between the ITS-90 and the EPT-76.

(Tgo - T7s)/mK

Too/K 0 1 2 3 4 5 6 7 8 9
0 -0,1 -0,2 -0,3 -0,4 -0,5
10 ~06 -07 ~08 -10 -1 -13 “14 -16 -18 -2,0
20 -22 -25 -27 -3,0 =32 -3,5 -3,8 -4,1
(Too — Tes)/K
Teo/K 0 1 2 3 4 5 6 7 8 9
10 - 0,006 - 0,003 ~0,004 - 0,006 - 0,008 -0,009
20 - 0,009 -0,008 -0,007 -0,007 - 0,006 -0,005 - 0,004 - 0,004 - 0,005 - 0,006
30 - 0,006 ~0,007 ~ 0,008 - 0,008 -0,008 ~ 0,007 - 0,007 - 0,007 - 0,006 - 0,006
40 - 0,006 - 0,006 -0,006 -~ 0,006 ~0,006 -~ 0,007 - 0,007 ~0,007 -~ 0,006 -~ 0,006
50 - 0,006 -0,005 -0,005 -0,004 - 0,003 - 0,002 -0,001 0,000 0,001 0,002
60 0,003 0,003 0,004 0,004 0,005 0,005 0,006 0,006 0,007 0,007
70 0,007 0,007 0,007 0,007 0,007 0,008 0,008 0,008 0,008 0,008
80 0,008 0,008 0,008 0,008 0,008 0,008 0,008 0,008 0,008 0,008
90 0,008 0,008 0,008 0,008 0,008 0,008 0,008 0,009 0,009 0,009
Ts0/K 0 10 20 30 40 50 60 70 80 90
100 0,009 0,011 0,013 0,014 0,014 0,014 0,014 0,013 0,012 0,012
200 0,011 0,010 0,009 0,008 0,007 0,005 0,003 0,001
(too — tes)/°C
teo/°C 0 -10 -20 -30 - 40 -50 - 60 - 70 - 80 -90
- 100 0,013 0,013 0,014 0,014 0,014 0,013 0,012 0,010 0,008 0,008
0 0,000 0,002 0,004 0,006 0,008 0,009 0,010 0,011 0,012 0,012
tg0/°C 0 10 20 30 40 50 60 70 80 90
0 0,000 -0,002 - 0,005 -0,007 -0,0010 -~0,013 -0,016 -0,018 -0,021 -0,024
100 -0,026 -0,028 ~0,030 -0,032 -0,034 -0,036 ~ 0,037 -0,038 -~ 0,039 ~0,039
200 -0,040 - 0,040 - 0,040 -0,040 ~0,040 ~0,040. - 0,040 -0,039 -0,039 -0,039
300 -0,039 -0,039 -0,039 -0,040 - 0,040 -0,041 - 0,042 -0,043 ~0,045 ~ 0,046
400 -0,048 -0,051 -0,053 -0,056 -0,059 - 0,062 - 0,065 -0,068 -0,072 ~0,075
500 -0,079 - 0,083 -0,087 -0,090 -0,094 -0,098 -0,101 ~0,105 ~0,108 -0,112
600 -0,115 -0,118 -0,122 -0,125 -0,11 -0,10 -0,09 -0,07 - 0,05 -0,04
700 -0,02 -0,01 0,00 0,02 0,03 0,03 0,04 0,05 0,05 0,05
800 0,05 0,05 0,04 0,04 0,03 0,02 0,01 0,00 - 0,02 -0,03
900 - 0,05 - 0,06 -0,08 -0,10 ~0,11 -0,13 -0,15 -0,16 -0,18 -0,19
1000 -0,20 -0,22 -0,23 -0,23 -0,24 -0,25 -0,25 -0,25 -0,26 -0,26
t90/°C 0 100 200 300 400 500 600 700 800 900
1000 ~0,026 -0,30 -0,35 -0,39 - 044 -0,49 - 0,54 - 0,60 -0,66
2000 -0,72 -0,79 -0,85 ~0,93 -1,00 -1,07 -1,15 -1,24 -1,32 -1,41
3000 -1,50 -1,59 -~ 1,69 -1,78 -1,89 ~1,99 -2,10 -2,21 -2,32 -2,43

envisaged that any further changes to the table will be
necessary. It should be noted that differences deduced
by inspection of reference tables for thermocouples or,
at lower temperatures, for industrial platinum resistance
thermometers, will inevitably not reproduce these
differences exactly, as a result of the experimental and
fitting procedures used in their derivation. In deriving
the reference function for the type S thermocouple, as
described in [5], the above equation was applied to
the IPTS-68 calibration of a particular thermocouple.
The annealing treatment and experimental history of
this thermocouple, which will have had a significant
bearing on the result, are also described.

Metrologia, 1994, 31, 149-153

3. Additional Information

Where platinum resistance thermometers were the
specified interpolating instruments in both the ITS-90
and the IPTS-68, the generation of the scale differences
was largely a mathematical exercise: coefficients for
a chosen thermometer were calculated according to
the requirements of each scale, pairs of equivalent
temperature values were derived at the desired intervals,
and the differences were calculated. The calculations
were unambiguous, although the results would be
affected by calibration errors and slightly different
results would foliow from using different thermometers
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Figure 2, Values of (fs0 — tgs)/°C as measured in comparisons between type S thermocouples and platinum resistance
thermometers at seven national laboratories (from [5], reproduced by kind permission of G. W. Bumns). The line represents the
fifth-degree polynomial fitted to the data, and the diamonds are the values as published in the ITS-90 document {1].

because of the so-called non-uniqueness of both scales.
In view of the uncertainties and non-uniqueness, the
values of the scale differences in Table 6 of [1] were
rounded to the nearest 0,001 K.

At temperatures above the freezing point of gold,
the scale differences follow from the change in the value
assigned to this fixed point. The calculations were exact
in so far as wavelength-dependent effects are small, i.e.
to the extent that the Wien approximation applies.

For the range in which the thermocouple was
specified in the IPTS-68, no ITS-90 calibrations of
thermocouples were available when Table 6 of [1] was
drawn up. It was necessary to generate the differences
on the assumption that they were represented by the best
estimate of the thermodynamic errors which had been
found to exist in the IPTS-68. In effect the following
identity was used:

(teo — tes) = (t — tes) — (t — too),

where ¢ is the thermodynamic temperature. The term
(t — tgo) was taken to be zero, since the ITS-90
had been derived so as to represent the state-of-the-
art thermodynamic calibrations of platinum resistance
thermometers and determinations of the fixed-point
temperatures. The scale differences were therefore
assumed to be given by (¢ — tgs).

The state of knowledge of (¢ — tgs) in this region
was far from satisfactory, however, as the difficulties
of thermodynamic thermometry were compounded
by difficulties in the use of thermocouples. The
measurements of ¢ in this range were predominantly
based on spectral radiation pyrometry. That is, the
spectral radiance of a black body at the required
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temperature was compared with that of a reference
black body whose thermodynamic temperature is
inferred from other work. In the experiments considered
(see [4] for details), the reference black body was
either maintained at the freezing point of gold or
at a temperature below 630°C measured using a
platinum resistance thermometer. The temperature of
the comparison black body was thus obtained and
compared with the value of tgg measured using a
thermocouple. Three experiments gave results which
were consistent within reasonable limits, and were also
broadly consistent with independent results from noise
thermometry.

Further information was available from two
experiments {10, 11] in which resistance thermometers
were compared with thermocouples. Although these
could not yield thermodynamic data, they did lead
to estimates for the discontinuity in the derivative
d (t — tes)/dtes at teg = 630,74 °C, the temperature of
the junction between the resistance thermometer and the
thermocouple ranges in the IPTS-68. The experiments
of Bedford et al. [10] suggest that the discontinuity in
the derivative was about 0,005, in contrast with the
earlier result of Evans and Wood [11], who found a
value of about 0,001. In preparing Table 6 of the ITS-
90, the discontinuity in d (fg0 — t¢s)/dtes Was chosen
to be consistent with Bedford’s value, which fitted well
with the radiation thermometry results referred to above.

However, Figure 2 clearly shows that the differ-
ences originally derived are not consistent with the new
directly-measured values. The peak value of (tgg — tss)
is reduced by about 0,3 °C, and the discontinuity in the
derivative at ¢gg = 630,74 °C implied by the new results
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is approximately 0,001 4, closely similar to the result
of Evans and Wood.

It therefore appears that the thermodynamic
calibrations of a comparatively small number of
thermocouples which led to the values of (¢t — tg)
were not fully consistent with the later thermodynamic
calibrations of platinum resistance thermometers on
which the ITS-90 was based [3]. Assessments of the
differences (¢ — ¢s) are now more accurately given by
the measured differences (¢g0 — tes), rather than vice
versa. However, both are subject to the uncertainties
which are inherent in the IPTS-68.

Since the recent comparisons of resistance
thermometers with thermocouples did not reproduce
the expected scale differences, it is of interest to look
again at the earlier intercomparisons of Evans and Wood
[11]. Table 5 of their paper details the calibration data
(Wes. tgs) for nine platinum resistance thermometers
at the freezing points of tin, zinc, antimony, silver
and gold. These data may be accurately converted to
(W0, tgo) and coefficients may be calculated following
the procedure specified in the ITS-90, except that the
antimony point (near 630 °C) must be used in place
of the aluminium point. This is unlikely to affect the
interpolation properties of the ITS-90 deviation equation
by a large amount, and it can be assumed that the
resulting approximation to the ITS-90 will be accurate
enough for the present purpose.

Three of Evans and Wood'’s calibrations have been
examined - the first calibrations of thermometers Al,
B1 and N1, the latter being a thermometer whose IPTS-
68 alpha coefficient was marginally below the minimum
permitted value. The “pseudo” ITS-90 calibrations
were compared with the ¢ values of the quadratic
interpolations above 630°C, which Evans and Wood
derived from the measurements at the freezing points
of antimony, silver and gold. Adding the differences
(tgo — 6) to Evans and Wood’s F () B (6 — tes) leads
to {fgo — tes). The results for the three thermometers
are very similar, and they agree within about 0,02 °C
with the values published here in Table 1.

This is a remarkable result, indicating an extra-
ordinary consistency in thermocouple and resistance
thermometry at the NBS/NIST spanning more than
twenty years. That the consensus represented in Figure
2 is less good is likely to be due to two causes. One is
that greater random and systematic variations are only to
be expected in pooling results from seven laboratories.
The other is that the results obtained inevitably depend
on the source and treatment of the thermometers and
thermocouples. References [5] and [6] detail these
variations and identify the laboratories from which the
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data in Figure 2 originate. Thermocouple variability
may also have been partly responsible for other
apparent discrepancies, such as those concerning the
discontinuity in the derivative at 630°C referred to
above.

In conclusion, it must be clear that by virtue of
using platinum resistance thermometers in place of
thermocouples, the reproducibility of the ITS-90 in this
range is considerably better than that of the IPTS-68.
The underlying irreproducibility of the IPTS-68 needs
to be borne in mind when considering the conversion
of thermal data from the IPTS-68 to the ITS-90.
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APPENDIX 3

List of Acronyms
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LIST OF ACRONYMS USED IN THE PRESENT VOLUME

Laboratories, committees

ASMW Amt fiir Standardisierung, Messwesen und Warenpriifung (now PTB
(Berlin Institute))

BIPM Bureau International des Poids et Mesures

BNM Bureau National de Métrologie, Paris (France)

CCT Comité Consultatif de Thermométrie

CGPM Conférence Générale des Poids et Mesures

CIPM Comité International des Poids et Mesures

EPT-76 Echelle Provisoire de Température de 1976

IGSN International Gravity Standardization Network

IMGC Istituto di Metrologia G. Colonnetti, Turin (Italy)

INM Institut National de Métrologie, Paris (France)

IPTS-68 International Practical Temperature Scale of 1968

ITS-27 International Temperature Scale of 1927

1TS-48 International Temperature Scale of 1948

ITS-90 International Temperature Scale of 1990

NBS National Bureau of Standards (USA) (now NIST)

NIM National Institute of Metrology, Beijing (People’s Rep. of China)

NIST National Institute of Standards and Technology, Gaithersburg (USA)
(formerly NBS)

NPL National Physical Laboratory, Teddington (United Kingdom)

NRC National Research Council of Canada, Ottawa (Canada)

NRLM National Research Laboratory of Metrology, Tsukuba (Japan)

PTB Physikalisch Technische Bundesanstalt, Braunschweig (Fed. Rep. of
Germany)

VNIIM D.I. Mendeleyev Institute for Metrology, St. Petersburg (Russian Fed.)

VNIIFTRI Physicotechnical and Radiotechnical Measurements Institute,

Gosstandart, Moscow (Russian Fed.)
VSL Van Swinden Laboratorium, Delft (Netherlands)

Scientific terms

CMN Cerium magnesium nitrate
OFHC Oxygen-Free High Conductivity Copper
PTFE Polytetrafluorethylene
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