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specified definitions below 0°C and above 0°C. In his opinion, the
question of the lower limit of the PRT is still an open one. Further,
Mr. Rusby points out that, below 0 °C, a least-squares method for deriving
the interpolation equations rather than the exact method, proposed by
WG3, should be considered because the results of the exact method are
very sensitive to errors at the fixed points.

The President remarks that in the WG1 report least-squares fitting,
which gives automatically a check on the fixed point realizations, is
recommended. Mr. Kemp points out that such checks could be made
anyhow; he feels that there is not much difference in reproducibility
between the exact and the least-squares methods. Mr. Rusby holds to his
opinion that least-squares fitting, with weighting of the data according to
the inverse of the sensitivity of the PRT, would decrease the influence of
errors at the fixed points by a factor of two. He and Mr. Kemp will clarify
this matter privately (much of the information is given in document 82-3
from NPL, document 82-21 from CSIRO, and two graphs distributed by
Mr. Kemp which show the non-uniqueness for various interpolation
procedures).

The President suggests that the uniqueness could be improved by
putting further restraints on the quality of the thermometers.

Mr. Bedford states that both Mr. Kemp and Mr. Rusby apparently
make no provision in their calibration schemes for using a thermometer
between 273 K and 90 K without calibrations at lower temperatures.
Mr. Crovini replies that primary calibrations in restricted ranges were
considered in the first draft of the WG3 report but they were dropped later
because they would decrease the reproducibility of the scale. Calibrations
restricted to the range from 90 K to 273 K would fall into the category of
secondary realizations of the scale, which would really be sufficient for the
use of long-stem thermometers in this range. In its report, WG3 avoided
multiple definitions of the scale. Mr. Kemp, Mr. Rusby, and Mr. Coates
agree with the opinion expressed by Mr. Crovini, but Mr. Bedford
mentions that in an NRC paper of several years ago a method was
suggested by which a primary calibration in a restricted temperature range
was possible without degrading the scale.

Mr. Quinn remarks that the interpolation scheme 3 in document 82-3 of
Mr. Rusby, in which only three low-temperature fixed points (the triple
points of Ne, O,, and Ar) and the triple and boiling points of water are
used for obtaining the calibration between 24.6 K and 273 K, gives
astonishingly small irreproducibilities at 30 K (among 35 thermometers a
maximum difference of £ 0.8 mK and an average difference of + 0.3 mK)
and asks whether the differences are as small at the higher temperatures.
Mr. Rusby thinks that the differences at higher temperatures are not much
larger and, in effect, less serious in a relative sense than at 30 K. Mr. Quinn
feels that the very simple interpolation procedure proposed by Mr. Rusby
is a very strong argument for restricting the use of the PRT to temperatures
above 24.6 K. Mr. Rusby states that at 30K the additional
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irreproducibilities due to errors at the fixed points are 2.5 times the errors
at the O, triple point and 1.8 times the error at the Ar triple point.

Mr. Kemp points out that below 30 K the R vs 7 relation of the PRT is
very dependent on the impurity content of the platinum and that
calibrations below 24.6 K, where impurities play a still larger role, will be
necessary to account for their influence above 24.6 K.

Finally, Mr. Schooley draws attention to the advantage of using a
sealed cell with more than one gas in it, as proposed by Mr. Bonnier,
providing this does not decrease the precision of the realizations.

(i1) Interpolation above 0 °C

Mr. Crovini remarks that a comparison of PRT’s between 0 °C and the
Zn point is necessary. New types of PRT’s have been introduced and the
oxidation effect has been discovered and it is not sure whether the deviation
function between the quadratic equation and IPTS-68 is the same for all
thermometers. The President answers that there is a possibility of such an
intercomparison as a cooperative project between NRC and NBS.
Mr. Kemp remarks that Mr. McAllan at CSIRO has checked calibrated
PRT's at the Cd point for many years. The results were compared with
those presented by other people at the 6th Temperature Symposium and
differences between thermomelers are believed to be not greater than a few
tenths of a millikelvin.

Taking up the question of the upper limit of the PRT-range, Mr. Jones
remarks that comparisons between the PRT and the optical pyrometer
should be extended to temperatures above this upper limit in order to
ensure smooth first and second derivatives at the junction point. Mr. Jones
feels that this is an additional reason for taking the Ag point as the upper
limit of the PRT-range. Mr. Thomas says that Mr. McAllan, at the
6th Temperature Symposium, also preferred the Ag point as the upper
limit, because this would place a lesser demand on the properties of the
HTPRT. Mr. Bedford and Mr. Coates. on the contrary, feel that
comparisons of the PRT and the optical pyrometer up to the junction point
should be sufficient. The President adds that the choice of the upper limit
of the PRT-range will depend on the behaviour of the HTPRT’s which are
available.

(iii) Selection of fixed points in the PRT-range

Mr. Pavese, referring (o the classification of fixed points in the report of
WG3, suggests that the Ne triple point be classified as « very good » and
not « isotope sensitive ». On the other hand, the intercomparison of sealed
cells suggests that the O, triple point should be classified as « good »
instead of « very good ». (« Good » in the report of WG3 meant worse than
0.2 mK but better than 0.5 mK.) Also, Mr. Pavese wishes to know the basis
for classifying the e-H, boiling points as « very good », which means better
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than 0.2 mK. Mr. Kemp points out that the classification of the fixed
points in the report of WG3 was based on data obtained with open cells,
Mr. Schooley adds that the O, triple point measured with open cells was
much more reproducible than with the sealed cells. Mr. Kemp says that the
classification of the e-H, boiling points was based on experimental work at
CSIRO. Mr. Pavese remarks that the intercomparison of PRT's by Ward
and Compton at NPL showed differences of 1 mK at the O, triple point,
which is not better than the results for sealed cells, and differences of the
same order for the e-H, boiling points.

The President answers that, in his opinion, the reproducibilities for the
fixed points given in the report of WG3 are meant to be potential
reproducibilities when practice is as perfect as possible. Mr. Schooley
would, in this respect, like the work on sealed cells to be continued.
Mr. Bedford is of the opinion that some of the less good results obtained in
the intercomparison of sealed cells arose from the use of gases of less than
the highest available purity for filling these cells. since the original intention
was merely to produce stable transferable temperatures.

Mr. Bonnier suggests that a set of sealed cells of the highest possible
quality be kept at BIPM.

To the question from Mr. Crovini as to the elfect on the reproducibility of
the scale of replacing the O, triple point by the N, triple point, Mr. Rusby
answers that in his simple scheme with only three low-temperature reference
points the uncertainty of the N, triple point should be less than one half that
of the O, triple point before it would be worth using.

Finally, Mr. Schooley points to the importance of accurately
determining the thermodynamic temperatures of the defining fixed points.

(iv) The lower limit of the PRT-range

The President states that there are two possibilities under consideration
for the lower limit of the PRT-range: 24.6 K and 13.8 K.

Mr. Kemp suggests that the PRT be used down to 13.8 K but that there
could also be alternative definitions of the scale in the range 13.8 K to
24.6 K. Mr. Rusby remarks that use of the PRT to 13.8 K implies the use
of e-H, boiling points as fixed points. Mr. Schooley, however, refers to
work on the D, triple point by Mr. McConville at the Mound Laboratory;
there may be a possibility ol overcoming the problem of contamination of
D, with H,. the contamination probably arising from absorption of the H,
from the walls of the container. Anybody interested can contact
Mr. McConville who has available a supply of D, stored in a special
stainless steel container. Mr. Bedford, commenting on Mr. Kemp’s remark,
asks whether overlapping definitions are desirable in the IPTS. Mr. Crovini
and Mr. Coates remark that WG3 has. in its recommendations, excluded
overlapping definitions.

The President suggests that the CCT break for tea and take this topic

nn aoaitn nnder ifem 11



T 101
(v) Thermodynamic temperatures above 14 K

The President opens the discussion by saying that the replacement scale
should be so close to thermodynamic temperatures that subsequent
corrections will be virtually invisible to general users. Thus the question of
the determination of thermodynamic temperatures is one of the most
important of the meeting. At the next meeting, final decisions on
thermodynamic temperature values will have to be made if the CCT wants
to adhere to the proposed time table; at the present meeting, the main
concern is that work that needs to be done in this field be identified.

Mr. Schooley remarks that Mr. Guildner and Mr. Edsinger at NBS
intend to continue their gas thermometer measurements up to 800 °C. A set
of HTPRT’s constructed at NBS is available for this work. Gas
thermometer temperatures will be recorded on the PRT’s and the technique
will be to go to 800 °C and come down in steps of 20 °C to 50 °C. All parts
of the apparatus work satisfactorily, except, possibly, the diaphragm. The
expected accuracy with the gas thermometer is about 10 mK at 800 °C. In
answer to a question by the President, Mr. Schooley says that he is not able
to give a time table for this work, but Mr. Schooley will strongly
recommend that the measurements be continued. Mr. Coates emphasizes
the importance of extending the gas thermometer measurements up to as
high a temperature as possible. The optical pyrometer measurements have
now to be referred to the Zn point, which results in the uncertainty at the
Au point being about 0.1 °C. If gas thermometer temperatures were
available at 800 °C with an accuracy of 10 mK, the accuracy of the optical
pyrometer data might improve to about 0.03 K at the Au point.

In answer to a question by the President, Mr. Crovini says that the Cu-
Ag cutectic temperature, measured with PRT’s, is reproducible to within
5mK to 10 mK.

Mr. Quinn gives a résumé of the total radiation measurements at NPL.
Measurements have been made between — 30 °C and 90 °C. The results
between 50 °C and 90 °C differ slightly from those of Guildner and
Edsinger (by — 4 mK at 90 °C ). At — 30 °C the results show a departure
from T, of about + 5 mK. The work is being continued, at first to fill the
gap between 0 °C and 50 °C and subsequently up to 230 °C. Above this
latter temperature there is a technical problem — the black-body coating
decomposes at about 270 °C. The long-term plan is to continue to the Zn
point. Measurements could be extended downwards from — 30 °C but this
is probably not justified in view of the probable higher accuracy of the gas
thermometer in this range. In answer to a question by the President,
Mr. Quinn adds that the expected accuracy of the measurements is rather
better than 5 mK at 230 °C and that it is hoped to have results up to this
temperature well within two years. Mr. Rusby is somewhat more cautious
with respect to the time table : before going above 90 °C, smaller apertures
have to be put in and checks must be made to see if they give the same
results. Mr. Rusby is not certain that the measurements up to 230 °C will be
completed before the next meeting of the CCT.
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Coming to the range below 273 K, Mr. Kemp comments on gas
thermometer measurements at CSIRO and KOL between 4 K and 100 K
reported at the 6th Temperature Symposium. Since then, the CSIRO and
KOL results have been recalculated to the same reference temperature
(20.2 K on NPL-75) and the same virial coefficients. An agreement between
the two sets of data between 20 K and 90 K of better than 1 mK was
obtained in this way. At CSIRO, and probably at KOL, the measurements
will be extended up to 273 K. There is thus some hope that new gas
thermometer results will be available over the entire range from 4 K to
273 K before the next meeting of the CCT. Provisional results at CSIRO
support the result of the total radiation measurements at — 30 °C.

Mr. Thomas reports that gas thermometer measurements are in
progress now at PTB. Preliminary values have been obtained at the O,
boiling and triple points which differ by a few mK from the CSIRO and
KOL results.

6. Discussion of the text of the monograph
on Supplementary Information

Mr. Schooley commends WG for the high quality of the document. He
comments that the section (now missing) on HTPRT’s should not affect
publication plans because it is not relevant anyway to the IPTS-68 or the
EPT-76. Mr. Rusby would like the historical information in the
Introduction to be deleted. The President replies that WGI included it
largely in anticipation of its removal from future texts of the IPTS; in the
opinion of WGH, it is better placed in the Supplementary Information.
Mr. Schooley concurs. The President concludes the discussion by
emphasizing that WG1 will meet in June and that any suggestions for
changes in the Supplementary Information should be submitted in written
form to WGI1 before that time.

7. Discussion of the proposed monograph
on Secondary Thermometry

The President opens the discussion by recalling that the CCT decided
some years ago to try to assist those users who require measurements of
less than the highest accuracy. There are many adherents to the Convention
du Meétre who do not require the highest possible accuracy, but,
nevertheless, do require assistance. Mr. Thomas reports that several
official organizations wish to bring to the attention of the CCT that the
highest accuracy provided by the IPTS is seldom required — many
practitioners require a lesser degree of accuracy that is less expensive and
more readily obtained. The WG2 monograph should help meet this
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Mr. Coates emphasizes that for many users who require only moderate
accuracy, or perhaps only traceability to the IPTS, a calibration by
comparison is likely to be more suitable than a secondary realization. This
should be emphasized in the monograph. He also questions the suitability
of the title of the monograph. Several members discuss the title and it is left
to WG2 to devise a suitable one. Mr. Bedford, Mr. Coates,
Mr. Bloembergen, and Mr. Quinn debate the difference between obtaining
a representation of the IPTS by «calibrations» and by «secondary
realizations ». In the former case one uses a calibrated thermometer, and in
the latter case one uses fixed points. Mr. Schooley points out that when the
platinum/rhodium thermocouple is removed as a defining instrument for
the IPTS, it will no longer be possible to produce a secondary realization
according to Mr. Coates’s definition. Mr. Hudson suggests that, for
clarification of the discussion, a definition of several of these terms is
required and that a subcommittee to draft such definitions be appointed.
The President agrees and appoints Mr. Hudson to chair a subcommittee
consisting of Mr. Coates, Mr. Bedford, and Mr. Bloembergen, which will
prepare such a lexicon for the following day.

There follows a lengthy debate amongst several members regarding the
subjects to be included in the monograph. Apparently it should emphasize
secondary realizations, but not exclude discussion of calibrations and
advice on the proper use of thermometers. Mr. Crovini suggests that the
secondary realizations discussed in the monograph should be assigned a
position on a scale of priority; the preferred realizations would be those in
widest use. There may, for example, be some that, although very precise,
are seldom used and thus need little attention. Mr. Schooley would like a
discussion of the use of the nuclear quadrupole resonance thermometer
included. In reply to a question of Mr. Bedford as to who will write this
section, Mr. Schooley replies that someone at NBS will be happy to do so.

The President closes the discussion on item 7 by emphasizing that
members of the CCT and their colleagues who wish particular topics to be
treated in the monograph should send written versions to the WG2
Chairman for consideration. Suggestions unaccompanied by written
material are of limited usefulness.

8. High temperature platinum resistance thermometers

The President remarks that this item is open for discussion on the whole
subject of HTPRT’s. In particular, he would like to discuss suggested
experiments with, and the disposition of, the ten thermometers provided by
the Chinese delegation from NIM. He suggests that the CCT rather than
the BIPM staff should have final authority as to the disposition of the
thermometers. On behalf of the CCT, he thanks the Chinese laboratory for
having so generously supplied the thermometers, and thanks Mr. Ling and
Mr. Li, in particular, for their efforts in transporting the thermometers to
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Paris. Mr. Ling remarks that he had originally hoped to supply
20 thermometers for long-term loan, but the impracticality of transporting
so many to Paris prevented it. In addition to the ten in Paris, three (serial
numbers 18227, 18236, 18237) were left with NBS in Washington. He says
that the remaining thermometers are available in Beijing; he hopes that
arrangements to transport them can be made. He introduces (document 82-
44) some data obtained at NIM on the performance of these thirteen
thermometers. He would like any data obtained on these thermometers by
the laboratories to be sent to NIM.

In response to the President’s question as to which laboratories are
prepared to test the thermometers in groups of at least three, the delegates
of NPL, PTB, NRC, IMGC, CSIRO and BIPM indicate that their
laboratories are interested. Of these, Mr. Kemp says CSIRO has already
arranged to obtain three of the group left in Beijing, while NRC and BIPM
are prepared to wait for another delivery later in the year. Thus, of the ten
thermometers, it is decided three will go to each of NPL, PTB and IMGC, and
the other one will remain at BIPM as a spare. *

The President then asks for suggestions as to how the thermometers will
or should be tested, emphasizing that the results must be available for the
15th Session of the CCT in 1984. Mr. Bedford (forwarding the suggestions
of colleagues from NRC and CSIRO) says some of the thermometers should
be subjected to rapid cycling (100 cycles in a short time) from both the Ag and
Au points and tested for stability (up to 500 hours) at these same points.
Mr. Quinn thinks that there may already be enough information on the latter
point, but recommends calibration at metal freezing points up to and
including gold to test the ability of the thermometers to carry a temperature
scale. Mr. Crovini says IMGC will test theirs for high-temperature stability **
and also will intercompare them at high temperatures in a pressure-
controlled heat pipe. Mr. Schooley says Mr. Evans of NBS will check their
repeatability and their uniqueness in defining a temperature scale, as well as
test their insulation resistance at high temperatures. Mr. Rusby says NPL will
test their high temperature stability using a vertical furnace, then compare
them with an optical pyrometer in a horizontal furnace. Several members
remark that thermometers of different manufacture will also be included in
their experiments.

Mr. Bedford and Mr. Quinn question Mr. Ling regarding the heat

* The serial numbers and distribution of the thermometers are as follows :
PTB: N° 80168, 80159, 18234

IMGC: N° 18213, 18233, 80166
NPL : N° 18210, 18221, 18228

Thermometer 18224 was found to be broken so was replaced with 18210
originally left as a spare at BIPM.

** See Temperature Measurement 1975, Institute of Physics Conference Series
No. 26, Institute of Physics, London, 1975, pp. 107-116.
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(reatment already received by these thermometers. Mr. Ling and Mr. Li
refer to document 82-44 and add that : quoted values of the a-coefficient
were obtained after the stability tests: the gas flling is argon with 10 %
oxygen for a total pressure of 10® pascals at 1 100 °C: in NIM Lesting, the
thermometers were cooled rapidly by extracting them from the furnace into
room air: the thermometers have so far not been operated horizontally.

Mr. Schooley draws attention to the extensive research program at
NRLM (Japan) and says Chinese thermometers should be included.
Although no one is certain, the feeling is that NRLM already has some
Chinese thermometers or, if not, can obtain them directly from NIM.

Mr. Bloembergen introduces some relevant notes by Mr. Evans
(document 82-45).

9. Differences 7 — T,

The President asks for discussion relating to measurements of
thermodynamic temperature. Mr. Crovini stresses the importance of, and
need for, accurate measurements of the resistance/temperature relation of
the PRT above 630 °C, especially from 800 °C to 1 064 °C. This should be
obtained by calibration against photoelectric optical pyrometers,
preferably at 10 to 20 K intervals. He says that, at present, the platinum
resistance/temperature relation is the most reproducible property available
with which to evaluate thermodynamic temperature measurements. In
addition, of course, this relation is required before interpolation equations
for the PRT can be assessed. Such measurements are being planned at
CSIRO, NPL, PTB, NRC (probably, but not soon), and apparently at
NRLM.

Mr. Coates reviews the present position regarding 7' — T'gq from
460 °C to 1064 °C as deduced from a variety of measurements. His
pyrometer measurements indicate that 7 — T, decreases from 460 °C to
630 °C, whereas extrapolation of NBS gas thermometry into this range
would predict the reverse. Mr. Coates’s measurements imply that the
discontinuity in slope at 630 °C is small. He stresses the need for further
data in this region.

10. Fixed points and international comparisons

Mr. Pavese draws attention to document 82-4 which is a first draft of
the final report of the international intercomparison of sealed triple-point
cells. He goes on to give a report (attached herewith as Appendix A) of the
meeting held on March 29 of members of the laboratories participating in
this intercomparison.

Mr. Schooley suggests that it would be extremely useful if thermometers
used in the triplespoint-cell intercomparisons and in the earlier NPL PRT



— T 106 —

intercomparisons could now be used in conjunction with the KOL and
CSIRO gas thermometers to obtain more accurate values of the
thermodynamic temperatures of the fixed points. There follows
considerable discussion of this suggestion, and of the best means of
carrying out the measurements. Mr. Kemp indicates that CSIRO will likely
attempt the measurements.

Mr. Swenson asks if the accuracy of the sealed-cell intercomparison is
unduly affected by insufficient purity of the constituent gases. Mr. Pavese
replies that only with oxygen and methane did there appear to be any
impurity problem. A lengthy discussion follows on the question of the
purity of the gases in the sealed cells, of the maximum allowable impurity
content to obtain satisfactory results, and how to ensure that such a purity
is indeed obtained. The general conclusions drawn are: @) an impurity
content of less than 10 x 107 ¢ is certainly sufficient; b) the difficulty with the
oxygen cells is undoubtedly due to the presence of residual argon; ¢) one of
the early oxygen cells in particular gives a discrepant result because it was
not at that time deemed necessary to take special care to use highly pure
oxygen — the cell was meant to be used only as a transferable fixed
temperature, not as a primary oxygen point; d) impurities in oxygen can be
avoided if laboratory-prepared rather than commercially-supplied oxygen is
used; e) it is undesirable to rely upon nominal purities supplied by
manufacturers of the gases; f) the procedures used in filling the cells do not
contribute to the impurity problem.

Mr. Quinn introduces a question raised by the Norwegian national
standards laboratory; how well do sealed argon-triple-point cells designed
for the calibration of long-stem PRT’s reproduce the argon triple point ?
He suggests that the CCT might consider an intercomparison of such cells.
Mr. Bonnier says the cells he has manufactured are accurate to + 0.5 mK.
Mr. Bedford and Mr. Ling indicate that such cells used in their laboratories
are also at least this accurate.

After some discussion, Mr. Bloembergen agrees to undertake
coordination of some intercomparisons of this type of sealed argon-triple-
point cell, the exact nature of the work to be decided later. However, in
general, it will likely involve transfer of one or more such cells amongst the
participating laboratories.

11. The new IPTS : current status

Mr. Quinn proposes that, before discussing specific points of the
proposed new IPTS, the CCT pay attention to two principles of the scale.
The first is : is the IPTS, or ITS, meant to be a scale which should be realized
only in national standards laboratories or a scale that is so « practical » that it
can be realized in a large number of calibrating laboratories ? The second one
is : what should be the balance between highest possible reproducibility of the
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scale and relative ease of realization ? Mr. Quinn proposes that the scale
should be intended for realization in national standards laboratories and that
the CCT should not aim for a scale that is easily realized in many calibrating
laboratories, this being in accordance with the situation that exists with-
IPTS-68. This principle is generally accepted by the meeting. Mr. Crovini,
however, remarks that one should not make the scale so complicated that it
cannot be realized even in national standards laboratories. This would
present problems in « traceability » of calibration. Mr. Coates supports this
ViEW.

Regarding the second principle, Mr. Quinn remarks that a wire scale
would, in large parts of the range, give the highest reproducibility of the
scale. Since, however, on philosophical grounds, the CCT does not want a
wire scale, calibrations at fixed points are necessary. Mr. Quinn continues
by mentioning two examples where, in his opinion, ease of realization
justifies a slight reduction of reproducibility of the scale : calibration in
restricted parts of the range (e.g. resistance thermometers below 30 K), and
the interpolation scheme of Mr. Rusby between 24.6 K and 273 K with
three low-temperature triple points only which yields a reproducibility of
+ 1 mK. Mr. Coates asks if Mr. Quinn would accept a scale which would
be considerably less reproducible than the best possible. Mr. Schooley
proposes tentatively that a decrease in precision by not more than a factor
of three be permitted.

Mr. Thomas mentions that according to the law in West Germany, PTB
is responsible for disseminating the IPTS among other laboratories.

There is a short discussion on the way in which national standards
laboratories maintain the IPTS-68 and carry out calibrations on it; it
becomes clear that this is generally done, below 273 K, by using a set of
calibrated PRT’s.

After this general discussion, remarks are made by various members on
specific items of the scale. Mr. Coates says that he does not agree with the
proposal of WG to have extra fixed points above 0 °C for allowing the use
of capsule thermometers in that range since it will decrease the
reproducibility of the scale. Mr. Kemp proposes to leave the lower limit of
the PRT-range at 13.8 K because moving it to 24.6 K would cause too large
a non-uniqueness of the scale near 30 K. Mr. Rusby stresses the simplicity
of the interpolation method in which only three low-temperature fixed
points are needed, but he realizes that the non-uniqueness of + 1 mK is
rather large. Further, he doubts whether the non-uniqueness of £ 0.2 mK
below 20 K given by Mr. Kemp includes allowance for errors at the fixed
points. The President remarks that a lower limit of the PRT range of
24.6 K does not exclude the use of calibration points below this
temperature.

M. Bonnier is in favour of taking 24.6 K as the lower limit; if the lower
limit is 13.8 K, manometers will be required for measuring hydrogen
vapour pressures, but then it would be better to use the manometer for the
interpolating gas thermometer. Mr. Kemp sees, in principle, no difference
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between vapour pressure measurements of He and H,, but feels that gas
thermometry needs much more accurate pressure measurements.
Mr. Hudson thinks that that is no argument against 24.6 K as the lower
limit; in his opinion, accurate pressure measurements should be no
problem in a national standards laboratory.

Mr. Pavese does not see the significance of adding 10 K or not to the
PRT-range. Laboratories which require measurements below, say, 20 K
will probably go down to 4 K. Historically, 13.8 K was chosen as the lower
limit of the IPTS not because of the properties of the PRT, but because
13.8 K was the lowest fixed point available.

Mr. Quinn remarks that the R vs T relation of platinum is more simple
above 24.6 K than below this temperature; this is a reason for choosing
24.6 K as the lower limit.

Mr. Schooley finds it premature to make a judgement; he doubts
whether it has been shown that a more precise thermometer than the PRT
exists for the range 13.8 K to 24.6 K. Mr. Durieux answers that, in his
opinion, it has been shown that the Rh-Fe resistance thermometer is more
precise near 13.8 K. He remarks also that use of the interpolating gas
thermometer as the defining instrument between 4.2 K and 24.6 K has the
advantage that the temperature values of the three hydrogen points do not
have to be defined; the gas thermometer will automatically give better
temperatures as it is improved over the years whereas fixed point values
should not be changed.

Mr. Schooley doubts whether sufficient information on the
interpolation gas thermometer is available yet. Mr. Kemp is afraid that
cutting off the PRT-range at 24.6 K would decrease the reproducibility of
the scale above this temperature.

Mr. Swenson points out that defining three extra fixed points below
24.6 K could cause irregularities in the scale. He also questions whether the
PRT-scale between 13.8 K and 20 K is unique and precise to within
+ 0.1 mK to + 0.2 mK.

There is a discussion between Mr. Kemp and Mr. Rusby about the non-
uniqueness of the scale between 24.6 K and 54 K with various interpolation
procedures. The President remarks that WG1 would benefit enormously
from some written submission on this matter. Mr. Hudson adds that the
entire committee would benefit from this. The President finally remarks
that some additional information on the accuracy of interpolation
procedures in this range could even be added to the minutes of the meeting *.

The relation between the helium vapour pressure scales and the new
IPTS is then discussed. In the draft of WGI the new helium scales define
the IPTS between 0.5 K and 4.2 K. Mr. Schooley is of the opinion that it is
premature to make the decision because another, more convenient,
thermometer might be proposed before 1986. He proposes that it be made
clear that the choice is by no means final. The President answers that this

* No such information was submitted.
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can be written in the preamble of the proposed text. Mr. Hudson, on the
other hand, finds it hard to conceive that the He vapour pressures will not
be a part of the definition of a future IPTS. Mr. Coates would like to see a
unique definition of the scale and is afraid that the use of overlapping *He
and 3He ranges will increase the non-uniqueness of the scale.

The interpolating instrument between 4.2 K and 13.8 K or 24.6 K is
then discussed. The President recalls the proposal of WGI that the
interpolating gas thermometer be chosen as the defining instrument of
the scale between 4.2 K and 24.6 K, with the understanding that in practice
the scale will, in most cases, be propagated with calibrated Rh-Fe resistance
thermometers. Mr. Kemp feels that some further work on the gas
thermometry should be done to find what the reproducibility is. The
President suggests that the BIPM might do some work in that direction. He
further remarks that because the gas thermometer is a straightforward
thermodynamic instrument, no difficulties should, in principle, be
expected. Mr. Durieux says that the gas thermometers of KOL and NPL,
when used as interpolating instruments between 4.2 K and 24.6 K, agree
within 0.5 mK. Mr. Swenson adds that this is also true for the gas
thermometers at NPL and Bristol University (Gugan). Mr. Schooley
cautions, as in the case of the He vapour pressure scales, against giving the
impression that it has already been decided what the definition of the scale
will be between 4.2 K and 24.6 K. This could impair useful work on other
thermometers, in this case, on the magnetic thermometer. Mr. Coates
agrees that there is, in general, a danger that possibilities for defining the
scale, other than the ones mentioned in the WG] report, will be neglected.
Mr. Swenson, on the contrary, feels that there is not much chance that any
interpolation instrument other than the gas thermometer can be found
since, in particular, there is no working magnetic thermometer above 4 K
in any laboratory at this time. Mr. Quinn is of the same opinion : for the
Rh-Fe resistance thermometer, there is presently only one supplier and
finding a sufficient number of fixed points for its calibration would present
problems. Mr. Schooley, however, suggests that NBS could pursue
magnetic thermometry up to 13.8 K, but fears that such work would be
hampered by a premature decision to use the gas thermometer. Also,
Mr. Coates cautions against putting all the eggs in one basket.

Mr. Bloembergen asks whether the interpolating gas thermometer could
be used down to 3.3 K so as to avoid the use of the “He vapour pressures.
Mr. Rusby answers that the influence of the virial coefficients of *He
increases rapidly below 4.2 K. Mr. Durieux feels that the use of the “He
vapour pressures is so common that they should not be dropped from the
scale. Mr. Rusby remarks that, in order to avoid overlap of definitions, the
scale could be defined in terms of *He vapour pressures above 2.1 K and of
3He vapour pressures below this temperature. Mr. Bonnier does not like
this idea.

The discussion on the current status of the new IPTS was continued on
the third day of the mecting. It began with an extensive discussion on the
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definition of the scales above 0 °C and, in particular, on the difference
between the proposals of WGLH and WG3 for the range from 0°C to
100 °C. Mr. Coates, referring to the report of WG3, defends the principle
of a single definition of the scale. According to the proposal of WG3, the
definition of the scale above 0 °C includes the Sn and Zn points, so that
capsule PRT’s cannot, officially, realize the IPTS in this range. Mr. Quinn
would regret such a situation; Mr. Bedford and Mr. Bonnier support
Mr. Quinn’s view. Mr. Coates feels that the introduction of extra fixed
points, especially for the calibration of capsule thermometers, such as the
Ga point, would increase the non-uniqueness of the scale. Mr. Crovini,
Mr. Kemp and Mr. Schooley share Mr. Coates’s opinion that a single
definition of the scale would be preferable. Mr. Bloembergen, on the
contrary, thinks that the temperature of the Ga point, for example, can be
determined well enough, with respect to the temperatures of the other fixed
points, that its addition would not add appreciably to the non-
reproducibility of the scale. Also, Mr. Bedford wants to leave open the
possibility of introducing extra fixed points.

Mr. Hudson and Mr. Quinn suggest that the various proposals for the
definition of the scale and the associated non-uniqueness be further
studied. The President asks what the largest tolerable non-uniqueness of
the scale is. Mr. Crovini replies that between 0 °C and 100 °C, one would
like an irreproducibility not greater than + 0.2 mK. Mr. Bonnier agrees
with this.

The President asks whether a lower limit of the scale of 0.5K as
outlined in the report of WGI is acceptable. Mr. Schooley remarks that
there is a need for thermometric guidance for the range below 0.5 K;; this is
almost entirely in scientific circles and not in industrial circles.
Mr. Schooley recalls that he suggested an interpolating procedure and fixed
points for this range but feels that it is certainly premature for him to
suggest now that the lower limit of the scale should be below 0.5 K.
However, he reminds the committee of the publication by Mr. Soulen,
« The calibration of paramagnetic thermometers using 5 fixed points »
(Cryogenics, 14, 1974, p. 250), which illustrates the procedure to which he
referred. A strong attempt will be made at NBS to prepare a modification
of this document demonstrating the experimental results before the next
CCT meeting.

Mr. Bonnier agrees with Mr. Schooley that there is a real need in the
scientific community for calibrations below 0.5 K.

In summary, the President says there is apparently a need for an
extension of the scale below 0.5 K, but as yet no acceptable proposal. So,
for the time being, it is a proper decision to terminate the scale at 0.5 K.

The President assures the CCT that WG! will carefully consider the
various proposals. If it is found that the irreproducibility of the scale is
unacceptably large when the lower limit of the PRT-range is 24.6 K, as
preferred by the majority, then the lower limit, or some alternative procedure,
must obviously be adopted. It would greatly facilitate the task of WG1 if the
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necessary calculations and analyses could be done by members of the CCT.
The President suggests that draft B of the new IPTS be distributed to the CCT
by the end of 1982 or shortly thereafter, and version C some months before
the fifteenth session in 1984.

12. Work at the BIPM

Mr. Quinn reviews for the CCT the history of thermometric research at
the BIPM, the present requirement for determining temperatures with the
highest possible accuracy near room temperature, the need to maintain a
calibration facility for resistance thermometers and platinum/rhodium
thermocouples from 90 K to 1064 °C, and current research on sealed
triple-point cells and radiation measurements of thermodynamic
temperature from 420 °C to 630 °C. Mr. Crovini asks what is the highest
accuracy needed by the BIPM near room temperature. Mr. Quinn replies
that, in connection with the maintenance of the standard volt, they require
about + 0.5 mK. Mr. Crovini reports that in a recent intercomparison of
gallium triple point cells between INM, NPL, and IMGC the largest
difference was 0.3 mK when different thermometers were used (and
0.15mK with a single thermometer), even though an uncertainty of
+ 0.7 mK in the PRT calibration could be inferred from the uncertainties
at the water triple point, and tin and zinc freezing points. It would be useful
to have the revised IPTS ensure a reproducibility of £ 0.1 or + 0.2 mK
near room temperature. There follows a lively debate between Mr. Quinn,
Mr. Coates, and Mr. Schooley on the question of the reproducibility of
measurements near room temperature and of gallium triple-point cells
constructed in different laboratories, on whether the need at the BIPM is
accuracy on the IPTS-68 or simply repeatability, and on methods of
achieving these.

This is followed by a visit to the thermometry laboratories of the BIPM
by the CCT conducted by Mr. Quinn and Mr. Pello.

13. Future work of the CCT and of the Working Groups

The President proposes that the CCT attempt to adhere to its program
of preparing a replacement IPTS with the target date of 1987 for its
adoption. He also proposes that preparation of the monograph on
Supplementary Information be completed in 1982 and that work continue
on the preparation of information on secondary temperature
measurements. The meeting agrees.

It is also agreed that the terms of reference and membership of the
Working Groups, which were last specified in 1980, be left unchanged,
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except that the target dates in a number of items are changed from 1982 to
1984. It is recalled that the terms of reference of WG3 include the task of
coordinating and assessing the work done on HTPRT’s (term of reference
(v) of WG3 in the Report of the 13th Session, 1980).

14. Publication of documents

The President proposes that the minutes of the meeting and the report
of the Working Groups be the only documents published by the BIPM, and
that only the titles of the documents be listed, in accordance with recent
practice. The meeting agrees.

Mr. Hudson advises the members that, for the first time, the documents
from the meeting will be published by the BIPM in both French and
English.

15. Miscellaneous subjects

Mr. Hudson points out that since the revised IPTS will agree with
thermodynamic temperatures, the temperature of the water boiling point
will become approximately 99.975 K, and, therefore, the numerical values
of temperatures near room temperature will be slightly changed. He raises
the question of whether this will cause difficulty or confusion for those in
disciplines other than thermometry. Is the CCT likely to receive a request
to again redefine the ice-to-steam interval as 100 °C? The question is
discussed and it is concluded that redefinition of the ice-steam interval
would be undesirable, especially as the numerical values near room
temperature will change only very slightly and since the boiling point of
water is unlikely to be a defining point of the revised IPTS.

Mr. Hudson introduces the set of definitions prepared by his
subcommittee for use in the minutes. Mr. Schooley suggests that another
term, « partial realization », also be defined. The President comments that
« calibration by realization » is bad enough, but « calibration by partial
realization » would be incomprehensible. After some discussion, a few
slight additions and amendments are made and the definitions as attached
in Appendix B are approved.

Mr. Ling asks for an explanation of the difference between the terms
« irreproducibility of a scale » and « non-uniqueness of a scale ». There
follows some discussion on this point as a result of which it becomes clear
that there is not general agreement on the definitions. The President says
the CCT will take note of Mr. Ling’s question and try to provide an answer
before the next meeting.
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The point was raised * that various interested groups, e.g., those
responsible for producing critical tables of temperature-dependent
quantities, should be advised as soon as practicable of the probable date
(1987 to 1989) for the promulgation of a revised IPTS.

16. Recommendation to the CIPM

It is proposed and agreed that a single recommendation will go forward
from this meeting to the CIPM ; it will concern the adoption of new equations
to represent the vapour pressure/temperature relationships of *He and “He
on the EPT-76 (see also document 82-2).

After considerable discussion on the intent and on the precise wording of
the recommendation, it is approved.

17. Next Session of the CCT

It is agreed that it will be necessary for the CCT to meet again in 1984 if
there is to be any hope of introducing the revised IPTS in 1987. It is also
agreed that the meeting will be between the third week of May and the middle
of June, the exact dates to be decided one year in advance.

*
* *x

The President declares the meeting closed and thanks the members for
their cooperation and attention during the meeting, and thanks the Director
and Staff of the BIPM for the facilities made available to, and the assistance
rendered to, the CCT.

June 1982

* This point was, in fact, raised by interested parties at NPL after the CCT
Session, but is included as constituting part of the Session by agreement of the CCT
members in response Lo a covering letter that accompanied a copy of the proposed
report to the CIPM (see Report to the CIPM of the 14th Session of the CCT)
circulated by the President.
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APPENDIX A

Report on the meeting of the laboratories
participating in the international intercomparison
of fixed points by means of sealed cells

(held at BIPM on the 29th March 1982)

Monday 29th March 1982 the results so far obtained in the
intercomparison and contained in the first draft of the final report were
presented and the way to close the intercomparison and to present the final
results was discussed.

In general, the laboratories represented at the meeting (ASMW, BIPM,
CSIRO, IMGC, INM, NPL, NRC) accepted the retention in the final
extended Report of all types of data presented in the first draft.

They may be grouped under four headings :

a) Comparison of sealed cell models, with the aim of obtaining the
following information :

a.l) differences among cells;

a.2) behaviour of each cell when measured in different laboratories;
a.3) thermal behaviour of the cells during melting;

a.4) behaviour of the different gases in the cells.

b) Comparison of the national realizations of the IPTS-68 at the fixed
points by means of the sealed cells.

¢) Relationship between the results of this exercise and results of the
NPL intercomparison of thermometers of 1975.

d) The best IPTS-68 values for the secondary fixed points considered in
this intercomparison.

About point a.1) : Differences among cells : It has been agreed that each
laboratory will send a statement regarding the accuracy of its
measurements, specifying the confidence level, so that an estimated
uncertainty can be associated with each measurement. It was also agreed,
by the majority of the laboratories, that the liquidus point (F = 1) will be
taken as the definition for the triple point (tp) temperature of all of the
gases in thlS intercomparison. No corrections, such as hydrostatic

s IETIE TR DU IV UREVE MRS P o . Aarad vmarmartant f 111



— T1t15 —

every gap of information and to add some data on gases which are deemed
to be important.

For this reason, some experiments will be added during 1982, with a
deadline in October 1982. There was agreement to circulate some new cells
and to recirculate some old ones.

Old cells :

— CSIRO will measure H,-NRC; Ne-IMGC
— NRC will measure H,-IMGC

New cells :

— CSIRO will measure Ne-ASMW

— IMGC will measure Ar-ASMW

-—— NRC will measure INM multiple cell (H,O0, Ar, N,, Ne)
— If possible, another laboratory will also measure INM cell
— IMGC will measure N,-NRC cell if it is available.

Circulation of the deuterium cell will be discontinued because of the
errors discovered in the realization of this fixed point.

About points a.2-3): Behaviour of cells: Laboratories will send
information (which is at present unavailable) to IMGC as soon as possible.
It is indeed considered important to collect full information about cell
features (e.g. recovery time, overheating, heat of melting...) from all the
laboratories.

Also, the filling level in the cells and the surface area of contact of the
cell body with the sample will be added to the final data.

About point a.4) : Behaviour of the gases : The full discussion has been
left to CCT members.

About point b) : Comparison of national realizations : Most of the data
are still unavailable. First of all, each laboratory must provide a short
description, defining its realization of the IPTS and stating the accuracy of
1t.

Then, cach laboratory must provide the differences AW between the
defined national realization of the fixed points involved in this
intercomparison and the reference cell; for secondary fixed points this must
be done using the same thermometer as used for the intercomparison.

A column giving these temperature differences (i.e. equivalent to AW)
will be added to the Tables of Section V on differences between cells.

These two points a) and b) do not involve either temperature values or
calibrated thermometers, since they only deal with differences between
realizations. They fulfil the aims of the intercomparison.

The next two points, which concern temperature values, contain
information that is not inherent in the intercomparison itself, but which
can be directly obtained from the accumulated data. The majority of the
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Point ¢) concerns the relationship to the NPL calibration of
thermometers made in 1975.

One set of tables will show the temperature values on NPL-IPTS-68
corresponding to each measurement of the cells using one thermometer
from the group calibrated at NPL in 1975 (Tables VL.x.1).

A second set of tables will be provided containing the same results
referred to a common thermometer (the master NPL one, for convenience)
in order to eliminate the non-uniqueness of the Scale (Tables VI.x.2).

Point d) is thought to be of help in establishing the new IPTS as it deals
with the best IPTS-68 temperature values of the secondary fixed points (Ar,
CH,, N,, Ne). Should some of these points be used in the future scale, it
will be, indeed, mandatory to have an IPTS-68 valuc with the best possible
accuracy. The dispersion of published values is sometimes several
millikelvins. A mean value obtained from them will, therefore, be relatively
uncertain.

This intercomparison has shown that the sealed-triple-point-cell
realizations of each fixed point agree within a few tenths of a millikelvin.
Each laboratory can assign a temperature value to this common value on
its national IPTS-68. In this case, the accuracy is limited by the scale non-
uniqueness, ranging between + 0.5mK and £ 1 mK. We can try to lower
that limit, one might hope, to + 0.2mK, by eliminating the non-
uniqueness using one of the thermometers involved in the intercomparison
at NPL. In fact, the laboratories which are in the position to do this can
refer the temperature values measured on their national IPTS-68 to a single
thermometer of that group, e.g. the master NPL one. A third series of
tables (Tables VI.x.3) will provide this information.

The thermodynamic temperature value of the equilibrium state realized
and reproduced by the cells can be directly assigned by those laboratories
which have also made thermodynamic measurements in this temperature
range.

Regarding the final presentation ofthe data, the Committee felt that
there was no need for wide circulation of the complete final report and
that it would be sufficient that a copy remain in the archives of the BIPM
to be available in the future to anyone who may be interested in it. Since
the BIPM is not in a position to publish it, IMGC will explore the
possibility that the Italian National Research Council can produce a
monograph, which would result in a publication which is more formal than
a CCT document.

A joint publication containing the sets of results in the final form only
will be submitted to Metrologia. It will be similar to that of the NPL
intercomparison and, more recently, of the international intercomparison
of flux densities of neutrons.
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APPENDIX B

Definitions
discussed in the 14th Session of the CCT

1. Realization of a temperature scale is achieved by following the
procedures prescribed in the text of that scale which specify the defined
values of a number of prescribed fixed points, the interpolation
instruments, and the interpolation relations to be employed.

2. A secondary realization of an internationally-agreed temperature scale is
obtained when one deviates from one or more of the defining
procedures. To be of value, the maximum deviation of this
« realization » from the primary scale must be specified.

3. Calibration is the act of achieving, for a thermometric sensor, a detailed
relation between its measured thermometric parameter and temperature.

a) Calibration by realization is the result achieved for a sensor when it is
used as the interpolation instrument in a realization or a secondary
realization of a temperature scale (see 1 and 2 above). (N. B. In the
latter case, the « secondary » nature ought to be specified.)

b) Calibration by comparison is achieving a calibration (see 3 above) of
a sensor by comparing that sensor in a variable-temperature
isothermal environment with a previously calibrated sensor or
calibrated transfer device.

N. B. Where a sensor is calibrated by comparison with a second sensor
which has, itself, been calibrated by realization, the association of the term
realization of the scale with that procedure is not recommended! [One
might perhaps call it a reproduction, or representation, of the scale (?7)].

N. B. Use of the simple term calibration (see 1) is only recommended
for the most general discussions and/or where the meaning is apparent
from the context. Only 3a¢ or 3b can avoid ambiguity.
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APPENDIX T1

Working documents presented
at the 14th Session of the CCT

These working documents, whether published or not in this volume, may be
obtained in their original language upon request to the BIPM.

Document
CCT/

82-1 CCT Working Group 4 (1980). — Report N° 1 (January 1982) (See
Appendix T S, p. T 141).

82-2 KOL (Netherlands), NPL (United Kingdom). — Helium Vapour
Pressure Equations on the EPT-76, by M. Durieux and
R. L. Rusby.

82-3 NPL (United Kingdom). — Interpolation with Platinum Resistance
Thermometers below 0°C, by R. L. Rusby.

82-4 Final report of the international intercomparison of fixed points by
means of sealed cells (1978-1982). Summary to appear in
Metrologia.

82-5 ASMW (D.R.G.). — Investigation of the superconducting transition
point of niobium as a reference temperature, by B. Fellmuth and
H. Maas.

82-6 ASMW (D.R.G.). — Sealed triple point cells for low temperature
thermometer calibration, by P. Seifert.

82-7 NRC (Canada). — Relation between heat of fusion and the amount
of catalyst, by J. Ancsin.

82-8 NRC (Canada). -— About the usefulness of deuterium in
thermometry, by J. Ancsin.

82-9 NRC (Canada). — Note on the reporting of thermodynamic
temperature intervals measured with an optical pyrometer, by
R. E. Bedford.
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82-11

82-12

82-13

82-14

82-15

82-16

82-17

82-18
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NRC (Canada). —Melting curves of H,O, by J. Ancsin. Published in
Temperature, Its Measurement and Control in Scicnce and
Industry, Vol. 5, New York, American Institute of Physics, 1982,
pp- 281-284.

NRC (Canada). — Measurement of the melting temperature of the
copper 71.9 % silver eutectic alloy with a monochromatic optical
pyrometer, by R.E.Bedford and C.K.Ma. Published in
Temperature, Its Measurement and Control in Science and
Industry, Vol. 5, New York, American Institute of Physics, 1982,
pp. 361-369.

NRC (Canada). — Oxidation, stability and insulation characteristics
of Rosemount standard platinum resistance thermometers, by
R.J. Berry. Published in Temperature, Its Measurement and
Control in Science and Industry, Vol. 5, New York, American
Institute of Physics, 1982, pp. 753-762.

NRC (Canada). — Evaluation and control of platinum oxidation
errors in standard platinum, by R.J.Berry. Published in
Temperature, Its Measurement and Control in Science and
Industry, Vol. 5, New York, American Institute of Physics, 1982,
pp. 743-752.

NRC (Canada). — Properties of some noble and base metal
thermocouples at fixed points in the range 0-1100°C, by
E. H. McLaren and E. G. Murdock. Published in Temperature, Its
Measurement and Control in Science and Industry, Vol. 5, New
York, American Institute of Physics, 1982, pp. 953-975.

CSIRO (Australia). — Practical high temperature resistance
thermometry, by J. V. McAllan. Published in Temperature, Tts
Measurement and Control in Science and Industry, Vol. 5, New
York, American Institute of Physics, 1982, pp. 789-793.

CSIRO (Australia). — The effect of pressure on the water triple-point
temperature, by J. V. McAllan. Published in Temperature, Its
Measurement and Control in Science and Industry, Vol. 5, New
York, American Institute of Physics, 1982, pp. 285-290.

CSIRO (Australia). — An international intercomparison of
temperature standards of Asia/Pacific countries, by T.P. Joncs.
Published in Temperature, Its Measurement and Control in Science
and Industry, Vol. 5, New York, American Institute of Physics,
1982, pp. 197-199.

CSIRO (Australia). — A photoelectric pyrometer temperature scale
below 1064.43°C and its use to measure the silver poin(, by
T.P.Jones and J. Tapping. Published in Temperature, Its
Measurement and Control in Science and Industry, Vol. 5, New
York, American Institute of Physics, 1982, pp. 169-174.
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82-24
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82-26

82-27

82-28
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CSIRO (Australia). — The triple points of equilibrium and normal
deuterium, by R.C.Kemp. Published in Temperature, Its
Measurement and Control in Science and Industry, Vol. 5, New
York, American Institute of Physics, 1982, pp. 249-250.

CSIRO (Australia). — The triple point of natural xenon, by
R.C.Kemp, W.R.G.Kemp and P.W.Smart. Published in
Temperature, Its Measurement and Control in Science and
Industry, Vol. 5, New York, Amcrican Institute of Physics, 1982,
pp. 229-230.

CSIRO (Australia). — Fixed point combination and termination
points for platinum resistance thermometer interpolation below
273.15K, by R.C.Kemp. Published in Temperature, Its
Measurement and Control in Science and Industry, Vol. 5, New
York, American Institute of Physics, 1982, pp. 155-158.

CSIRO (Australia). — Constant volume gas thermometry 13.8 to
838K, by R.C.Kemp, L.M.Besley and W.R.G.Kemp.
Published in Temperature, Its Measurement and Control in Science
and Industry, Vol. 5, New York, American Institute of Physics,
1982, pp. 33-37.

CSIRO (Australia). — A noise thermometer for the range 100-150 °C,
by C. P. Pickup. Published in Temperature, Its Measurement and
Control in Science and Industry, Vol. 5, New York, American
Institute of Physics, 1982, pp. 129-131.

CSMU (Czechoslovakia). — Realization of the triple point and
melting point of gallium, by M. Borovicka and J. Demian.

Working Group 1 (H. Preston-Thomas, P. Bloembergen, T. J. Quinn):

82-25/1 : The next revision of the IPTS
82-25/2 : Draft A of the International Practical Temperature Scale of
1987.
82-25/3 . Supplementary Information for the IPTS-68 and EPT-76
(Feb. 1982 — Version F).
(See Appendix T 2, p. T 123).

INM (France). — Thermal behaviour of thermometric sealed cells and
of a multi-compartment cell, by G. Bonnier and Y. Hermier.
Published in Temperature, Its Measurement and Control in Science
and Industry, Vol. 5, New York, American Institute of Physics,
1982, pp. 231-237.

BIPM. — Thermométres 4 résistance de platine: phénomenes
d’oxydation du platine, by J. Bonhoure and R. Pello.

NRLM (Japan). — An NRLM project for evaluating the performance
of commercially available Pt thermometers at high temperature
range, by M. Morimura and S. Sawada.

NPL (United Kingdom). — Interpolation with rhodium-iron
resistance thermometers, 4.2 K to 24.5K, by R. L. Rusby.
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82-39
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NRLM (Japan). — Thermophysical Properties Rescarch Laboratory
(U.S.A.). — Note on a standard blackbody radiator above 2 000 °C
whose temperature is determined by the resistance ratio of a meltal,
by A.Ono, D.P. DcWitt and R. E. Taylor.

Report of Working Group 2 to the CCT (March 1982). (See
Appendix T 3, p. T 124).

IMM (U.S.S.R.). — Point fixe de référence de fusion du gallium, by
B. N. Oleinik, A. G. Ivanova, V. A. Zamkovetz and N. N. Ergardt.

NIM (People’s Rep. China). — The development of a sealed triple
point cell of argon, realization of its temperature and
intercomparison with NRC and INM, by Li Zhiran and Li
Zhongyue.

NIM (People’s Rep. China).— High temperature platinum resistance
thermometry at NIM, by Li Xumo, Su Jinrong, Fan Xiuhua and
Chen Ming.

NIM (People’s Rep. China).— Note on the intercomparison of the
sealed triple-point-of-oxygen cells of NIM, IMGC and INM, by
Wu Bigin, Wang Zilin and Huan Ninsheng.

IMGC (Italy). — Interpolating equations for industrial platinum
resistance thermometers in the temperature range from — 200 to
+ 420°C, by A. Actis and L. Crovini. Published in Temperature,
Its Measurement and Control in Science and Industry, Vol. 5, New
York, American Institute of Physics, 1982, pp. 819-827.

IMGC (Italy). — Noise thermometry and related experiments at
IMGC, by L. Crovini and A. Actis. Published in Temperature, Its
Measurement and Control in Science and Industry, Vol. 5, New
York, American Institute of Physics, 1982, pp. 133-137.

IMGC (Italy). — Ten years of research on sealed cells for phase
transition studies of gases at IMGC, by F. Pavese and D. Ferri.
Published in Temperature, Its Measurement and Control in Science
and Industry, Vol. 5, New York, American Institute of Physics,
1982, pp. 217-227.

IMGC (Italy). — On the use of first-generation sealed cells in an
international comparison of triple-point temperatures of gases, by
F. Pavese. Published in Temperature, Its Measurement and Control
in Science and Industry, Vol. 5, New York, American Institute of
Physics, 1982, pp. 209-215.

CSIRO (Australia) and KOL (Netherlands). — Comparison of recent
gas thermometer results at CSIRO and KOL, by W. R. G. Kemp,
R. C. Kemp, L.M. Besley, P.P.M. Steur, J.P. Mars, H. ter
Harmsel and M. Durieux.

Report of Working Group 3 (See Appendix T 4, p. T 133).
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IMGC (Italy). — On the use of the freezing point of antimony at
IMGC, by L. Crovini and P. Marcarino.

NBS (U.S.A.). — Notes on the Comité Consultatif de Thermométrie
Agenda, by J. F. Schooley.

NIM (People’s Rep. China). — Data on tests of high-temperature
platinum resistance thermometers.

NBS (U.S.A.). — Evaluation of HTPRTs.
IMPR (U.S.S.R.). — Comments on the CCT Working Group 4.
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APPENDIX T2

Report of Working Group 1 *

Revision of the International Practical
Temperature Scale and Supplementary Information

(Document CCT/82-25)

The report of Working Group 1 comprises two draft texts for
discussion during the 14th Session of the CCT:

— draft A of the International Practical Temperature Scale of 1987;
— version F of Supplementary Information for the IPTS-68 and the
EPT-76.

It was thought not worth while to publish these texts as they are only
provisional.

February 8§, 1982

* Members of this Working Group are: H.Preston-THomas, chairman,
National Research Council (Canada); P.BroemBerGEN, Van Swinden
Laboratorium (Netherlands); T.J. Quinn, Bureau International des Poids et
Mesures.
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APPENDIX T 3

1st Report of Working Group 2 *
(Document CCT/82-31)

1. Introduction

At the 13th Session of the CCT (1980) Working Group 2 (WG 2) was
assigned the dual tasks of:

i) Continuing to review proposed and existing secondary reference
temperatures.

i) Preparing a first draft of a document describing good thermometric
practice directed at secondary techniques, including secondary realizations
of the IPTS but excluding those items covered by the document
« Supplementary Information for the IPTS-68 and EPT-76 » under
preparation by WG 1.

In this report we present a second supplement to the « Extended List of
Secondary Reference Points» published by WG 2 in 1977 [1]. A first
supplement appeared in the 1980 report of WG 2 to the CCT [2]. This
compilation may play an increasingly important réle in the selection of a
suitable group of defining fixed points (and possibly approved secondary
fixed points) for the forthcoming revised IPTS.

WG 2 apologizes to the CCT, both for the lateness of this report and
for having been unable to properly address task ii). Other commitments of
members of WG 2 (preparing submissions for the 6th Symposium on
Temperature, Its Measurement and Control in Science and Industry;
assisting in other CCT-related tasks including preparation of the WG 1
monograph of Supplementary Information and preparation of reports on
the international intercomparison of sealed triple-point cells) have
prevented our being able to prepare a proper draft of a text on secondary

* Members of this Working Group are: R. E. Benrorp, chairman, National
Research Council (Canada); G. Bonnier, Institut National de Métrologie (France);
H. Maas, Amt flir Standardiesierung, Messwesen und Warenpriifung (D.R.G.);
F. Pavesg, Istituto di Metrologia G. Colonnetti (Italy).
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thermometry. In this report we do give an outline of the sorts of topics that
may reasonably appear in the document, together with references to where
detailed information on these topics may be found.

Furthermore, in discussions within WG 2, it became obvious that more
specific terms of reference from the CCT were desirable regarding the
content of the document. To quote the opinion expressed by one member
of the group: « I have become more and more uncertain about the real
boundaries of this work... the CCT has been more and more deeply
concerned... about the link of the primary definition with the practical
everyday use of the standards... (but may) go too far away from its tasks if
it will become involved in «good thermometric practice directed at
secondary techniques ». (The CCT)... should indicate the best methods to
deal with the thermometers and the fixed points not included in the official
definition. This is the task of WG 2. However, this should not look, 1
believe, as a book on good thermometric practice, since it should not
include description of components nor procedures for use of these items,
nor design of devices,... (but) only indicate how to relate temperature
measurements made with non-standard thermometers and/or at non-
primary reference temperatures to the official Scale, with the highest
traceability and reliability... On this respect WG 2 cannot move forward
before CCT "has chosen an official calibration strategy ». The terms of
reference given WG 2 were obviously much broader than this. Another
difficulty concerns overlap between the suggested document and existing
literature. There already exist publications on various aspects of
thermometry that describe « good thermometric practice directed at
secondary techniques », although admittedly no one publication covers the
whole gamut. The task of WG 2 might be interpreted as collating this
material into a single monograph, but the question remains as to how
deeply this avenue can be pursued within a reasonably-sized document.
WG 2 requires guidance from the CCT on these questions.

2. Secondary reference points

In Table 1 we list fifteen secondary reference points that have been
determined (or redetermined) since our 1980 supplement [2] was prepared.
For each equilibrium state in column 1, we list the value of temperature on
the IPTS-68 in column 2, the uncertainty in this value as given by the
author in column 3, our judgment of the category (footnote 1 to Table 1) of
this uncertainty in column 4, and the associated reference in column 5.
Many of the points fall in the cryogenic range where, in the revised IPTS,
the highest density of defining fixed points may be required to provide
adequate calibration for platinum resistance thermometers. If, as has been
proposed, the revised IPTS defines temperature in the platinum resistance
thermometer range in terms of low-degree least-squares deviations from a
reference function, more defining fixed points than in the IPTS-68 will
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TasLE I

Second supplement to « Extended List of Secondary Reference Points »

Equilibrium State

T.P. of neon isotope 2°Ne

T.P. of natural neon

T.P. of argon

T.P. of propane (B-phasc)
T.P. of methane
T.P. of xenon

M.P. of gallium
T.P. of gallium

T.P. of benzoic acid (4)
M.P. of benzoic acid

M.P. of copper 71.9 %
silver eutectic alloy

F.P. of copper

R.T.M. (0.997 pm) of tita-
nium

R T.M. (0.653 um) of tita-
nium

M.P. of palladium (6)
R.T.M. (0.993 um) of vana-
dium

R.T.M. (0.653 ym) of vana-
dium

Tos (K)

24.5457
24.548 (2a)
24.546 (2b)

24.5627

83.7977
83.7977

85.515 (3)
90.6856
161.388

302.9219
302.9238

395.520
395.533
1052.72
1 358.04
1 358.03 (5)
1711

1 800
1827

1875

1992

Author’s Estimate of

Uncertainty

Uncer-
tainty (K)

+ 0.001
+ 0.001
+ 0.001

+ 0.0005

+ 0.0005
+ 0.0007

+ 0.001
+ 0.0007
+ 0.001

+ 0.001
+ 0.001

+ 0.002
+ 0.002
+ 0.10
+ 0.015
+ 0.06

+6

+6
+ 4

+7

+7

Cate-
gory (1)

B
B
B
C
C
A
C
A
B
C
C
B
B

T® w

Refe-
rence

10
10

11
12

12
14

15
15

16
16
17
18
19
20

20
21

22

22
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Notes

1. The uncertainties quoted fall into one of the following categories :

A) 95 % (or 99 %) conlidence level.

B) Includes estimates of both reproducibility and systematic errors.

C) Seems to include only an estimate ol reproducibility.

D) No estimale ol accuracy is given, but the value appears to be of accuracy
comparable to other equilibrum states listed near this temperature.

2. Temperature measured on NBS-55 scale:

a) Conversion to IPTS-68 by table of Bedford er al. [18].

) Conversion to IPTS-68 by measurement with calibrated thermometer [9].

3. Value at 1/F = 1 (where F is the fraction of sample melted).

4. T.P. previously listed as 395.52 K. Conversion to IPTS-68 by Crovini et al.
[23]. M.P. at standard pressure (101 325 Pa) is also obtainable from reference 16.

5. This value measured relative to the F.P. of silver taken as 1235.20 K (the
mean of five independent determinations of the F.P. of silver relative to the F.P. of
gold).

6. Temperature measured with specimen in argon at a pressure of
~ 200000 Pa.

7. Abbreviations :

T.P. triple point

M.P. melting point

R.T.M. radiance temperature on melting
F.P. freezing point.

probably be required to allow for redundancy in the least-squares
procedure, checking for calibration errors and thermometer quality, and
overlapping of various sub-ranges.

Of the fifteen points listed in Table I, four [*°Ne, propane,
Ti (0.997 um), V (0.997 um)] are newly determined points, ten are new
determinations of previously listed points, and one (benzoic acid) is for
clarification of a previously-listed value. The continued excellent
consistency of measurements of the triple points of argon and methane and
of the freezing point of copper is noteworthy as some of these are certain to
be chosen as defining fixed points of the revised IPTS. A new
determination of the melting point of palladium is listed. This point is
deserving of further study because it is important for high-temperature
thermocouple calibrations. The effect of oxygen on the observed melting or
freezing point should be investigated in more detail than heretofore
because, although definitive measurements of the freezing temperature are
usually made with the sample in vacuum or an inert atmosphere,
thermocouple calibrations are simplest in air.

We draw attention to recent measurements of the triple points of
equilibrium and normal deuterium. Our 1980 supplement [2] included the
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triple point of n-D, as (18.729 + 0.002) K. We are forced to withdraw this
point from our list pending resolution of some unusual reported
discrepancies. The experiment on which the above value was based [3]
showed D, behaving in perfectly normal fashion comparable to H,,
exhibiting a good melting curve that could be extrapolated to F~! = 1
(where F is the fraction of sample melted) with little uncertainty. The
measurements were made using a sealed D, triple-point cell constructed at
IMGC. Recently, in connection with the CCT-sponsored intercomparison
of sealed triple-point cells, a deuterium cell has also been constructed at
NRC. Measurements on this cell [4] give a triple-point temperature just as
reproducible as that of the IMGC cell but lower by 15 mK. Pavese [5] has
recently measured the triple point of e-D,, reporting a value of
(18.678 £ 0.002) K. The same point measured by Ancsin [4] with an NRC
cell is again 15 mK lower, so that both authors obtain 51 mK for the
difference between the two triple points. An IMGC cell has also been
measured at NRC as part of the intercomparison and the temperatures
reported by Pavese confirmed. Attempts to adulterate the deuterium in an
NRC cell to produce such large discrepancies indicated that they are not
due to impurities. The possibility of isotopic differences has not yet been
tested. To further complicate the picture, Kemp [6] measured the triple
point of e-D, to be 18.691 K (13 mK higher than Pavese!) and the
difference between n-D, and e-D, to be only 18 mK. Earlier measurements
by Woolley et al. [7] gave 32 mK for the difference between the triple
points, while Grenier and White [8] obtained nearer 60 mK. In view of
these discrepancies, the triple points of deuterium cannot yet be
recommended as secondary reference points. Indeed, we must caution
against any consideration as a future defining fixed point because, even
when the difficulty is resolved, it may not be easy to ascertain that a
particular sample is in the state specified for the definition.

3. Monograph on secondary thermometric techniques

The WG 2 terms of reference include preparation of a document
describing good thermometric practice directed at secondary techniques.
We list below several of the major topics that should be included in such a
document and give references to where pertinent material on these may
already be found. The set of references is by no means exhaustive. Those
listed discuss the particular topics in rather broad outline; the references
included in them, in turn, provide a comprehensive set wherein specific
details may be found. The document to be prepared will obviously draw
heavily on these and other such publications.

No one comprehensive text covering all aspects of modern secondary
thermometry presently exists. There are, however, a number of publications
that touch in some detail on most topics. Of the few textbooks available,
that of Terny [24] is recommended for a good general treatment. Two
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good, lengthy reviews of temperature measurement by McElroy and
Fulkerson [25] and by Bedford et al. [26] are also available. Unfortunately,
the discussions on instrumentation in these three works are now somewhat
out of date. There is, of course, a wealth of information on all parts of
thermometry in the printed proceedings of the series of conferences
« Temperature, Its Measurement and Control in Science and Industry »
[27], of which the fifth volume will appear in 1982. Detailed information on
all of the topics listed below can be found somewhere in these volumes. An
extensive bibliography of papers dealing with all kinds of temperature
measurement and published in the period 1953 to 1969 has been compiled
by Freeze and Parker [28]. In addition to these, it is our understanding that
a textbook on thermometry by T.J. Quinn is soon to be published.

3.1 Liquid-in-glass thermometry

Probably, still, the most-used secondary thermometers in the world for
near-ambient temperatures fall into this category. Techniques for good use
have been long established, with little change in recent years. Wise [29]
gives a detailed discussion of their calibration and use. Probably similar
information is offered by other national standards laboratories. Thompson
[30] discusses the construction of liquid-in-glass thermometers, and
Ween [31] describes how to properly select and use them.

3.2 Thermometers for use below 273 K

This group is composed chiefly of various resistance thermometers
(capsule and industrial platinum, rhodium-iron, germanium, carbon) and
thermocouples, plus a few less-commonly-used types such as capacitance
thermometers, semiconductor diodes, etc. What is required are details on
their limitations, stability, proper use, calibration, probable accuracy, etc.
Three reviews (with comprehensive reference lists) that touch on some parts
of this are those by Corruccini [32], Swenson [33], and Rubin [34]. Platinum
thermometers are discussed by Riddle ef al. [35], although this discussion is
slanted more towards their use as primary thermometers. Most of the work
on rhodium-iron has emanated from NPL; some of it is discussed, for
example, by Rusby [36]. Descriptions of low temperature thermocouples
are scattered throughout the literature. Some material, together with
reference tables, is given by Sparks es al. [37] and Powell et al. [38].
Previous reports to the CCT by the former WG 5 and the current report of
WG 4 discuss the relative merits of some of these sensors.

3.3 Resistance thermometers

Resistance thermometers of various types are used extensively and
Arcrimoantatinn cmilar ta that mentioned in ection 3 2 1< reauired for
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them. There is obviously much overlap between this section and
section 3.2; here we might consider the range above 273 K and include
industrial-type platinum sensors, other metal (copper, nickel, nickel alloys)
resistance thermometers, thermistors, and so on. Thermistors have been the
subject of a book by Hyde [39]. Wood er al. [40] discuss the stability of
various types. Most of the available information on resistance sensors will
be found in the various volumes of reference [27]. Johnston [41] discusses
the construction and reliability of several commonly-used types. Anderson
and Kollie [42] review their use at the higher temperatures.

3.4 Thermocouples

Thermocouples are undoubtedly the most-used thermometer and span
the widest range (~ 4 K to 3 000 K). Information should be collated on the
various types, their ranges of use, relative merits, proper annealing and
effects thereof, proper use, assembly, effects of inhomogeneities,
recalibration frequency, suitable atmospheres for use, insulation and
sheathing, etc. A considerable amount of such material for base and noble
metal thermocouples is available in an early circular by Roeser and
Lonberger [43] and in an ASTM monograph [44]. Powell er al. [38] give
reference tables for all of these and provide information on stability and
reproducibility from lot to lot. Burns and Hurst [45] give an excellent
overview of the status of thermocouple thermometry, and Guildner and
Burns [46] discuss the chiel factors limiting thermocouple accuracy.
Thermocouples [or use at high temperatures are reviewed by Bedford [47]
and by Anderson and Kollie [42]. Kinzie [48] gives an extensive catalogue
of thermocouple types, discussing their characteristics and limitations.

3.5 Radiation thermometry

Radiation thermometry is becoming increasingly important. Primary
optical pyrometry is not the province of this monograph, but other sorts of
radiation thermometers are. A great deal of information on (especially)
infrared thermometers is scattered throughout the literature. Most aspects
will be treated in a soon-to-be-published (under NBS auspices) tutorial-
type book « Theory and Practice of Radiation Thermometry »,

3.6 Secondary realizations of the IPTS-68

The semantics of this subject has been a controversial subject within the
CCT in recent sessions; the use of the term « secondary realization » here is
not meant to add fuel to the fires.

At the 13th Session (1980) WG 2 reported on several possible secondary
realizations covering various temperature ranges (details of these may be
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found in the WG 2 report [2]). The situation is essentially unchanged since
that report was prepared. At the 13th Session the CCT recommended two
secondary realizations: 0°C to ~ 1200°C based upon Pt 13 Rh/Pt
thermocouples, and ~ 1000 °C to 1 800 °C based upon Pt 30 Rh/Pt 6 Rh
thermocouples. These realizations are obtained by calibrating a
thermocouple at specified fixed points and fitting least-squares quadratics
to the differences of the fixed point emfs from corresponding emfs in
internationally-accepted reference tables [38]. Such realizations will
probably reproduce the IPTS-68 to within + 0.5°C below 1200 °C and
+ 1°C above.

March 12, 1982
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APPENDIX T 4

1st Report of Working Group 3 *
(Document CCT/82-41)

The Working Group 3 was constituted at the last CCT meeting with the
following terms of reference :

i) The preparation, for the replacement IPTS, of interpolating
equations for the temperature range (possibly 14 K to 1064 °C) covered by
platinum resistance thermometers.

ii) The selection of a junction temperature between the platinum
resistance thermometer and the optical pyrometer ranges.

iii) Selection of fixed points in the platinum resistance thermometer
range.

iv) The selection, in consultation with WG4, of a lower limit for the

temperature range in which the platinum resistance thermometer will define
the IPTS.

v) The arranging of a comparison between, and an assessment of the
behaviour of, high-temperature platinum resistance thermometers now
under development or ready for production.

vi) Reviewing measurements of thermodynamic temperature above
14 K.
As a consequence, this report deals with the following topics :

A) Interpolating equations of platinum resistance thermometers
(PRT’s) and fixed points;

B) Determinations of thermodynamic temperatures;
C) Radiation thermometry;

D) High temperature platinum resistance thermometers, their
development and intercomparison.

* Members of this Working Group are: L. Crovin, Chairman, Istituto di
Metrologia G. Colonnetti (Italy); P.B. Coates, National Physical Laboratory
(United Kingdom); W.R.G. Kemr, CSIRO (Australia) ; Ling Suan  Kang,
National Institute of Metrology (People’s Rep. of China); J. F. Scriooiey, National
Bureau of Standards (U.S.A.): W. Tromas. Physikalisch-Technische Bundesanstalt
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1. Interpolation of temperature between 13.8 K and 273.15 K

No exact specification for the lower end of the next IPTS has ever been
set out by the CCT but several preferences have been expressed by
members from time to time. These include for example the overall
uncertainty of its realization and the avoidance of the use of pressure
measurements. It is hoped that the reproducibility of the new scale shall be
better than 1 mK over the whole range and preferably of the order 0.2 mK,
say, below 20 K. Pressure measurements were to be avoided by replacing
boiling points and vapour pressure measurements by conveniently located
triple points. Important requirements of the new scale are that it represents
thermodynamic temperatures within a factor three of its reproducibility
and that it be smooth with respect to thermodynamic temperatures. These
requirements have been taken into consideration in deriving the scheme
discussed below.

At present it is impossible to meet the requirements mentioned above,
since there are insufficient data available to specify the thermodynamic
temperature of the defining fixed points between 27.1 K and 273.15 K.
There is sufficient information available to show that the values assigned
on IPTS-68 are in error from thermodynamic temperature by as much as
8 mK. A similar problem of lack of data also prevents the removal of all
pressure measurements from the new scale.

Sufficient evidence is also available to indicate what the form of an
interpolating process should be when all the necessary information
becomes available. The following recommendations therefore are made to
provide a basis for discussion.

1.1. — The capsule platinum resistance thermometer (PRT) in its
present form should be retained as an interpolating instrument in the range
from the triple point of hydrogen to 273.15 K.

1.2. — The new scale can be based on the following defining points. The
probable new temperatures are shown under IPTS-XX.

Reference point IPTS-XX
Triple point of equilibrium hydrogen (e-H,) 13.804 4
Boiling point of e-H, at a pressure of 33330.6 Pa 17.037 3
Boiling point of ¢-H, at a pressure of 101 325 Pa 20.273 5
Triple point of 2°Ne 24.540 2
Triple point of O,** 54.359 7
Triple point of Ar™* 83.806 ?
(Triple point of Kr)* ?
Triple point of water 273.16 K

* The unexpected variability of sealed-cell triple-point temperatures raises a
question regarding reproducibility of the point.

™ Values accurate within 1 mK of thermodynamic temperatures are needed for
thesc points.
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Because of its usefulness with respect to an anomaly in the PRT R vs. T
relation, the possibility of adding to this list the triple point of isotopically
separated Xe should be considered.

A calibration point above 273.15 K is necessary to provide a smooth
interpolation behaviour at 273.15 K. The minimum temperature interval
between 273.15 K and such a point is not known at this time.

1.3. — The reference function for the range from the triple point of
e-H, 10 273.15 K shall be based on the properties of the group of 35 PRT’s
intercompared by Ward and Compton at NPL 1, 7].

1.4. — The deviation function AW = W — W, for the new scale shall
be of form
=5
AW = a(W—1) + bW —1)> + 3 ¢ (In WY

=1

where W, is the reference function based on the properties of a
single PRT.

There are many possible interpolation schemes [2, 3, 4,5, 6, 7] using
possible alternative defining temperatures. Several of these have dispensed
with boiling points and use as alternatives the triple points of e-D, and of
krypton and/or xenon. The p-y transition of O, has also been used. At
present none of these points can be recommended as the data available are
insufficient to properly assess their worth or there are difficulties associated
with their realization which make their use impracticable.

Quite recently, Rusby at NPL [8] proposed an interpolation scheme that
entails a 6-parameter deviation function fitted to the seven fixed points,
beside the triple point of water, as shown in the preceding point 1.2. The
triple points of mercury and of gallium have been proposed as possible
alternatives to the steam point. The gallium point has been tested in several
laboratories and shown to yield a reproducibility better than 0.2 mK. A
least-squares approximate determination of the coefficients of the deviation
function, however, is difficult to accept, because it generates a curve not
exactly passing through the fixed points, though the « non-uniqueness » at
fixed points is, in practice, much smaller than that between the fixed points.

In the case the lower junction point be raised to 24.6 K, Rusby suggests
a scheme with a 4-parameter interpolating equation, with the coefficients
exactly determined at four fixed points, i.e., the triple points of Ne, O, and
Ar and the steam point. Near 30 K, this scale exhibits a « non-uniqueness »
of 0.8 mK and irreproducibilities of 2.4 and 1.8 mK as a result of
calibration errors of 1 mK at the triple points of O, and Ar, respectively.

2. Interpolating equations above 273.15 K

This section is essentially devoted to long-stem standard platinum
resistance thermometers. It includes the conventional range from 0°C to
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TasLe I

List of possible primary fixed points for a new IPTS

Substance and Temperature Comments on the
transition IPTS-68 reproducibility
e-H, TP 13.81 K Very good
e-H, VPE 17.042 Very good
e-D, TP 18.68 Cannot be recommended
e-H, BP 20.28 Very good
Ne TP (¥) 24.563 Good - Isotope sensitive
0, TP + 54.361 Very good
N, TP + 63.146 Very good
Ar TP (**) + 83.798 Very good
Kr TP + 115.76 Good, more information required
Xe TP + 161.39 More information required
Hg TP 234.308 Very good reproducibility, but requires
more determinations
H,O TP 273.16 Very good
Ga TP 29.774°C  Very good
H,0 BP 100 Good
In FP 156.634 Very good
Sn FP 231.9681 Very good
Cd FP (*¥*%*) 321.108 Very good
Zn FP 419.58 Very good
Cu-Al EP 548.26 Good
Al FP (%) 660.46 Very good
Ag FP 961.93 Very good
Au FP 1 064.43 Probably very good
Cu FP 1 084.9 Good

(*) A better reproducibility is obtained when adopting 2°Ne TP, to which a
temperature 7 = 24.5402 K can be assigned.

(**) A practicable alternative to this point might be CH, TP (90.686 K). Tt
requires, however, more investigations.

(***) Cd FP can be replaced by PbFP (327.502°C), which is equally
reproducible.

($) Sb FP (630.755°C), when properly realized in an inert atmosphere. viclds a
reproducibility of | mK. Thus, it can be considered as a valid alternative to Al FP.

{(+) Needs better thermodynamic temperature determination.

Very good : reproducibility better than 0.2 mK below 500 °C, better than 2 mK
from 500 °C to 1100 °C

Good : reproducibility better than 0.5 mK below 90 K, better than 1 mK
from 90 K to 500 °C and 10 mK from 500 °C to 1100 °C

TP . triple point

BP : normal boiling point

VPE : boiling point at 33 360.6 Pa

FP . freezing point

EP . eutectic point
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be documented. The intercomparison of sealed cells is providing us with
valuable information in this sense for low-temperature fixed points.

The intercomparison of gallium cells being carried out at IMGC, INM
and NPL is already showing that this requirement is fully met by the
gallium  triple point.

High-temperature fixed points (1 > 600 °C) could not appear to be so
reproducible, essentially because the PRT’s are not sufficiently stable at
those temperatures.

We recommend that the use of alternative defining fixed points for scale
realization should not be permitted.

4. Determinations of thermodynamic temperatures

4.1. Range from 14 K to 27 K

We recommend adoption of the NPL-75 scale as representing
thermodynamic temperatures in this range.

4.2. Range from 20 K to 100 K

Work done by the PTB, the CSIRO, and the KOL, and discussed at the
6th Temperature Symposium describes measurements in this range. This
work requires evaluation before assigning thermodynamic temperatures
from 20K to 100 K.

It is desirable that thermodynamic temperatures be measured in the
range 100-273 K with an accuracy within 1 mK.

4.3. Range from 0 °C to 1065 °C

It is very desirable to obtain a thermodynamic temperature value for
cither the Sb or the Al freezing point accurate within 10 mK.

A new value of the thermodynamic temperature of the antimony point
(T— T4y = —0.03 K) has been determined by NPL[11] and IMGC [12].
Analysis of the measurements between 440 and 630 °C by photon-counting
pyrometry at NPL[11] is still proceeding. Assuming the measured
thermodynamic temperature for the antimony point to be correct,
preliminary results indicate that the thermodynamic temperature of the
gold point is lower than the IPTS-68 value by only about 0.1 °C,

The total radiation pyrometry (calorimetry) experiment of Quinn and
Martin, NPL, has recently given results in the range from — 30 °C to
90 °C. Above 0°C, the results are in substantial agreement with the gas
thermometry of Guildner et al.,, NBS. The estimated uncertainty of each
point, expressed as a standard deviation, varies between 1 and 2 mK.

5. Radiation thermometry

This section covers radiation thermometry where it interacts with the
realization of a platinum resistance scale at high temperatures. Although
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no result is available at present, some experiments are in progress in
various national laboratories.

At NRLM, Ibaraki, Japan, Sakuma is carrying out a comparison
between an infrared (A1 =~ | um) photoeclectric pyrometer and platinum
resistance thermometers in the temperature range from the freezing point
of aluminium to the silver point.

Jung at PTB, Berlin, intends to study the characteristic of platinum
resistance thermometers between the zinc and gold points, using his
infrared photoelectric pyrometer.

At NPL, it is envisaged to extend the range of the measurements with
the photon-counting pyrometer up to the gold point and to carry out a
comparison with platinum resistance thermometers.

Lastly, Bonhoure at BIPM is attempting to measure 7 — T, below
630 °C.

6. Intercomparison of high temperature platinum resistance thermometers

The information about the high-temperature stability of available
HTPRT’s indicates that an intercomparison is possible. Besides NBS, both
the National Institute of Metrology (NIM) of Beijing and the National
Research Laboratory for Metrology of Ibaraki wish to contribute to the
intercomparison with thermometers of their own design.

The Chinese thermometers (NIM) show excellent high-temperature
stability properties. According to Long Guang and Tao Hongtu [13], after
455 hours at 1070 °C, the drift of the 0.25 Q thermometers is 0.5 mK to
3.6 mK in R(0) per 100 hours. The Japanese thermometers, produced by
Chino Works, according to Jung and Nubbemeyer [14] show a drift of
3.6 mK to 12.7 mK in W per 100 hours at the silver point. The NBS 2.5 Q
thermometers show a change in R(0) of 8 mK to 40 mK after 400 hours at
1 100 °C.

The NIM and the NBS are ready to furnish at least three thermometers
for the intercomparison, and it is understood that NRLM would do the
same. The NIM has agreed to furnish 20 HTPR thermometers to the CCT
for evaluation. We recommend that thesc thermometers be distributed to
competent laboratories in groups of two or three for evaluation of their
characteristics.

Testing would be done following the recommendations of the
originating laboratory. Participating testing laboratories should submit to
WG 3 their testing program. They are expected to provide R and W data at
the triple point of water and at as many as possible freezing points of
metals (e.g., Sn, Zn, Al, Ag, Au, Cu).

The originating laboratories should provide data on long-term stability,
immersion characteristics and ease of construction. All data should be
considered by WG 3 as quickly as they become available in order to choose
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a suitable upper junction point and defining fixed points and to solicit
information on interpolation methods.

It is envisaged that the intercomparison could start just after the CCT

meeting in Paris.

W DN

~ N b

March 25, 1982
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APPENDIX T 5

1st Report of Working Group 4 *

Extension below the platinum thermometer region of a revised IPTS
(Document CCT/82-1)

1. Introduction

In our view there are 3 categories of thermometers for possible use as
interpolation in a revised and extended IPTS. There are:

1. A resistance thermometer, specifically rhodium-iron (Rh-Fe), which
would have the advantages of simplicity, low cost [assuming that a PRT
bridge capable of operating in the range 0.1 to 1 mA is already available],
and case of utilization as low as 0.5 K.

2. An interpolating gas thermometer (i.g.t.). This s near-
thermodynamic and, in principle, simple. It involves manometry and
2 major costs (piston gauge and diaphragm) and is not trivial to set up.

3. A magnetic thermometer. This has calibration requirements of
intermediate simplicity (4 points), is less costly than the 1.g.t. to set up, but
is less foolproof. The measurements being electrical, however, they are
simple once the device has been set up.

A general assumption associated with our discussion of these options is
that of a significant réle for the saturation vapour pressure (s.v.p.) of *He
and/or *He. An important accompanying opinion is that, while
information and advice for facilitating thermometry below 0.5 K might be
offered in some appropriate document, no problems exist such as would
call for an extension of an IPTS into this region.

* Members of this Working Group are: R.P. Hupson, Chairman, Bureau
International des Poids et Mesures; M. Duritux, Kamerlingh Onnes Laboratorium
(Netherlands); R. L. Russy, National Physical Laboratory (United Kingdom);
C. A. Swenson, lowa State University (U.S.A)).
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2. Specific remarks on the alternatives for range and device

A. Platinum resistance thermometer cut-off temperature at 13.81 K

1) Rh-Fe, 42K o 1381 K

a) First possibility

A calibration vs. *He s.v.p. between 2.2 K and 4.2 K (a minimum of
6 points), the superconductive transition point (7.) of lead, and the
platinum resistance thermometer (PRT) between 13.81 K and 20 K — also
a minimum of 6 points. If the PRT non-uniqueness is | mK at 17 K, then
the error at 10 K would also be about 1 mK.

The accuracy of this interpolation is also dependent upon the accuracy
of T, (Pb), for which the difference between samples may be as much as
1 mK. An error of | mK in the Pb point would cause an interpolation error
of I mK at 10 K.

In comparison with the above, errors from s.v.p. measurement can be
expected to be small.

A recent study of 25 Rh-Fe thermometers * has shown that
interpolations such as discussed above are accurate (as checked against the
full calibration curve) to within £ 1 mK, an unknown proportion of which
[probably about half] is due to errors in the calibration data while the
remainder is true interpolation error. However, all of the above discussion
is relevant only to these 25 thermometers and may not be applicable to
sensors produced in the future.

b) Second possibility

Replace most of the s.v.p. points by 5 superconductive fixed points
(s.f.p.’s) — those elements which comprise NBS’s SRM 767 — and use the
A-point and normal boiling point (n.b.p.) of *He. This is doubtless not a
valid proposal until the s.f.p.’s attain a true « fixed point of nature » status.

¢) Rh-Fe wire scale

An internationally-accepted « wire scale », based upon a battery of
calibrated Rh-Fe thermometers and held for scale-transfers at BIPM (or
some « contracting » national standards laboratory) would yield the
greatest accuracy and economy although it may be objected to on aesthetic
or traditional grounds. Fears that such a scale might be « lost », however,
cannot form a basis for valid objections, unless they are linked to the
materials-supply problem **,

* Russy R. L. /n: Temperature, Its Measurement and Control in Science and
Industry, Vol. 5, New York, American Institute of Physics, 1982, pp. 829-833.

** All Rh-Fe thermometer proposals have a somewhat weak base, at present,
because the material is available through only one supplier and the product cannot
be specified (except in lerms of its thermometric performance).
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i) Interpolating gas thermometer, 4K to 13.81 K

Recently, a one-litre-bulb gas thermometer (g.t.), referenced to 27 K as
taken from NPL-75 via a Rh-Fe transfer thermometer, was compared * to
NPL-75 down to 4 K. In the range 4 K to 14 K agreement was found to
within £+ 0.5 mK which included transfer errors, of course.

This experiment may be considered as a demonstration of the
uniqueness of a scale upon the i.g.t. in this range and thus the i.g.t. is
evidently superior to the interpolating Rh-Fe thermometer (although it is
much more complicated and costly).

Possible specifications are : — copper bulb with gold-plated interior,
volume 1 litre; connecting capillary 1 mm i.d. stainless steel; deadspace
volume at room temperature ~ 10 cm?; filling pressure ~ 1.3kPa.K™"
To be used with a recommended expression for the virial coefficient B(T).

As before, helium s.v.p. would be used below 4 K or, alternatively, the
i.g.t. could operate down to 3 K with only 3He s.v.p. required below this.

iii) Gd(PO,), Magnetic thermometer, 4 K* to 13.81 K

We conclude it would be highly advisable to specify the sensing material
(gadolinium phosphate glass). Based upon present knowledge, a 4-point
calibration would be required, using points in the region of 2, 3 and 4K
plus 13.81 K. As under 2 A (i), one might contemplate s.f.p.’s, the s.v.p.’s,
or a combination thereof.

Possible specifications : — 1 cm?® sensor, sensing mutual inductance
> 1 mH, measuring frequency in the range 20 to 200 Hz. The interpolation
accurary is unproven but is probably of the order of that of the i.g.t.

Similar remarks to those under (ii), concerning He s.v.p. and the region
below 4 K (or 2K *), apply.

B. Platinum resistance thermometer cut-off temperature at 24.56 K
i) Rh-Fe, 42K to 24.56 K

Compared with 2 A (i) — above — one would extend the PRT
calibration range upwards and make use of the fixed points 13.81 K, 17 K,
20.38 K, and 24.56 K plus 2 or 3 PRT points up to 26 K.

In the aforementioned study of 25thermometers, the worst
interpolation error using this scheme was still only 1 mK, and again
probably half of this error was in reality due to errors in the data at the
fixed points (as inferred from the residuals of the full fits). The effect of

* Steur, P. P. M., van Duk, J. E., Mags, J. P., ter Harmser, H. and Durieux M.
In : Temperature, Its Measurement and Control in Science and Industry, Vol. 5, New
York, American Institute of Physics, 1982, pp. 25-31.

* This particular thermometer, chosen for its « strength » and hence good S/N
ratio in the presence of commonly-encountered e.m. interference, could not be used
very much below 4 K with only a 4-point calibration. 5 points would probably
cover needs down to 2 K.
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such errors is easily calculated by re-fitting with additional errors of 1 mK
at each point in turn. These errors shift the curve by no more than 1.1 mK
in the vicinity of the fixed points and their effects are much attenuated
elsewhere. The effect of multiple errors is simply the sum of the individual
components, and the magnitudes do not vary from one thermometer to
another.

We record that an error of + 1 mK at the 17 K point causes a shift in
the curve of + 0.7mK at 17 K and — 0.5 mK at 10 K. There is no reason
why carefully executed realizations of this point need differ by more than
I mK, but in view of differences found in the past it may be argued that the
17 K point is best omitted. The overall accuracy of interpolation for the
25 thermometers is not significantly affected by this. However. the effects
of errors at 7.2 K and 20.3 K are about 20 % arger, while an error at
13.8 K persists to rather higher temperatures.

ii) Interpolating gas thermometer, 4 K to 24.56 K

The KOL-NPL g.t. comparison gave discrepancies of the order of
0.5mK between 14 K and 24 K, indicative of the increasing difficultics
encountered with gas thermometry as 7 increases (larger deadspace ellect
and a falling-off in the relative accuracy of pressure measurement).

Are there compensations ? For example, would one produce hereby a
scale which, in the region 14K to 25K, has an improved uniqueness
compared with the present (or a future) PRT situation ? Probably so.

iii) Magnetic thermometer, 4 K to 24.56 K

From present knowledge, even a «strong» magnetic thermometer
would not readily yield a satisfactory system for international-scale
purposes up to a temperature as high as 24.56 K, owing principally to loss
of sensitivity.

C. Temperatures below the *He saturation vapour pressure region

At this juncture it is not practicable to suggest a scheme for the region
below 0.5 K which would remain largely satisfactory for, say. the next
L5 years. We shall briefly consider, however, the major options presently
available in case the CCT should wish to offer advice by way of
«supplementary information ». The options fall into 2 categories : (i)
extrapolation below, say, 0.5 K — in analogy with the region above the
gold point, and (ii) interpolation between 0.5 K and some much-lower-
temperature fixed point :

(1) Extrapolation
(@) Pulsed platinum ['°5Pt] nuclear resonance thermometer

We choose Pt as having some practical advantages over other elements
and, similarly, pulsed NMR over c¢w (see, e.g., Hudson and Mangum,
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CCT/80-36). Such an instrument has been calibrated near 2 K and claimed
to be accurate to better than # 2 % down to 0.1 mK, perhaps lower.
Calibration against a 3He s.v.p. point or a superconducting 7, near 05K
should be feasible for the existing (less-sophisticated) commercial
apparatus, but adequate documentation is presently lacking. That same
instrument also has an internal calibration arrangement, but this must be
used in the 10 mK to 20 mK region and, moreover, requires further
research on the properties of Pt before it can be wholeheartedly supported.
Technical developments over the next few years should remove all worries
in this connection, whereupon one will have at hand a thermometer
capable of indicating thermodynamic temperature over 4 to 5 decades!

(b) CMN-based magnetic thermometer

This can be calibrated just as well in the 1 K to 2 K region as in the
range 0.5 K and up. Only 2 points are needed; choosing 2.1 K and 1.2 K
for these. an uncertainty in 7°of 1/4 % and 1/2 %, respectively, will give an
uncertainty of 1/2 % in the magnetic temperature, 7™, at any temperature.
These requirements correspond to 3 % in the measurement of iHe s.v.p. at
the calibration points. Other uncertainty levels may be achieved pro rata.

For a «standard » powdered-CMN sensor, the relation

.05 K
1.055m :|mK

/. —T=[0.16— 4

may be extracted from the measurements of Wheatley et al., and is valid
down to 2.5 mK. This result could, if confirmed, be applied to correct ™
to T in any case, the correction terms are too small to be « picked up » in
the He s.v.p. region. Alernatively, one might take the correction as being
given by 7® — 7'= (0.2 + 0.2) mK and then simply ignore it, in which
case the error in T (ignoring any uncertainty in 7™) falls below 1 % as T
rises above 20 mK.

For a single-crystal spherical sensor the departures of 7™ from T are
larger, though better established, Thermal contact is difficult to establish
below 30 mK: this. however, is a general problem al lemperatures below
1 K and would have to be addressed as a part of «supplementary
information », presumably.

(ii) Interpolation

Here the state of affairs is somewhat frustrating because while we have
a good interpolator in either CMN susceptibility or Pt (or Cu) NMR, plus
the capability of measuring the thermodynamic temperature of fixed points
to £ 0.5 % (by noise or nuclear orientation thermometry, as demonstrated
at NBS). the available reference points which might be considered for
furnishing the low-temperature extremity are, at best, only « promising » at
the present time. In the region of 20 mK one has the superconducting
transitions of tungsten (16 mK) and beryllium (24 mK): purification is a
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difficult problem for these metals and so T, is somewhat variable. The 3He
superfluid transition near 2 mK could be used, in principle, in conjunction
with '95Pt NMR (but not with CMN magnetometry) although this is
probably not really practicable, considering the facilities likely to be on
hand at national standards and subsidiary calibrating laboratories. To be a
little more optimistic and/or forward-looking, however, one might expect
10 mK' refrigeration systems, at least, to proliferate; thus interpolation
proponents must continue to hope that further research and development
will bring the 7, of W or of Be up to «universal » status *.

No fixed points other than those mentioned above are in sight until one
reaches the neighbourhood of 0.1 K, where there occurs the transition for
iridium (which is also beset by purification difficulties); at higher
temperatures there are the transitions of AuAl, (0.160 K), Auln, (0.205 K)
and cadmium (0.519 K). A significant réle for an interpolating resistance
thermometer such as Rh-Fe does not appear to be possible, therefore, even
if all the present superconductor development work achieves success, as the
available fixed points will be too few for the task.

The foregoing pays scant heed to the accurate knowledge concerning
the melting curve of *He which has been amassed in recent years. This
highly-reproducible phenomenon rests on a sound theoretical base and
presents a thermometric parameter the temperature-dependence of which is
fairly simple. Better yet, this particular parameter — the melting pressure
— is apparently quite simple to measure. Therefore, the attractiveness of
this phenomenon for thermometry is that, in addition to offering the
possibility of thermodynamic temperature measurement, it can readily
furnish a continuum of fixed points over a wide range (from 2 mK to, say,
0.8 K). Nor is the melting curve significantly affected by magnetic fields
below the level of 0.1 T. Its chief drawback remains, quite simply, an
unfamiliarity with the subject on the part of scientists in general. As closer
general acquaintance develops, a significant réle in the definition of a low-
temperature scale will become a very strong possibility.

3. Conclusions and Recommendations

1. A Rh-Fe resistance thermometer wire scale would be simplest,
cheapest, and of high-as-possible interpolation accuracy. It should be first
choice if materials supply problems and aesthetic objections can be
overcome.

2. As second choice, we recommend an interpolating gas thermometer.
This, though somewhat clumsy as well as rather expensive, is basically

* Note that the presently-available non-universal T, devices, being individually
calibrated, can be extremely useful for furnishing « spot checks » of thermometric
integrity.
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simple, closely « thermodynamic », commercially independent, and of (just
about) high-as-possible interpolation accuracy.

3. Both 1 and 2 are accompanied by recommended usage of helium
vapour pressure scales (equations). The lower limit would in principle be
0.2 K. although a practical realization below 0.5 K would be difficult and
subject to error. Unless WG 3 finds it possible to devise a PRT scale having
a non-uniqueness of | mK or less in the region [3.81 K to 24.562 K. we
propose that the temperature of the junction with the PRT should be
24.562 K.

January 15, 1982
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