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Temperature L
P measure ments and controb LThermo dgnamic l:empera.&ure .ane (ks

wm the 4k -~ 1t1soK range unit  Ehe Relvin '

The kasic tewmperabure in physics is bhe
thermedynamic bemperabure T
This is, of course, the temperakbure

1 —l-'l'\er-mod'j namic f:empe;ra,&ure,and ks
unit the Relvin

2. The International Te.mperr'a.lrure. [ which occurs in such fundamen‘:aﬁ
Scale of 1q9q0 (ITS-qo) relakions as |
3 Thermemeters | - q=Tas eFIseCOhd €aw of thermodynamics] “
) - n X e ) QT(EoCkzmann disl-ru'bu.bl'on) |
4 me““s“"ihﬂ_ methods and eguipmenb The thermodynamic temperabure has an
§ Te W\Pet‘a.bure conktrof absofute zero (Qowest energy stake of a sqshm) '=
. as can easily be seen frem a simple example
( Tamperabure measure menks felow |h') A e_(ez-e.)/g-r
—_—E, n, N, _
T the state Nn,=o0 cerresponds to T=o0 i

(with ny, Hn, negarive T'.s, which are higher than poiT:'}

e
g and § short remarks enby With one more reference point khe unit of

3 Thermomeltrs: thermodynamic hcmpérq.l:ure  the feluin, is
vapeur Pressure _ defl’ned. One has chosen the tripfe poink of
reststance : hlatimum water, and defined it as 233.16 v ,:_hus:

Rh o003 YcFe CLelvin = therm. temp Er.point H.,_D’ tr;_:_‘
Garmani um 233. b 273
Carbon  rodio cesistors for comvenience one alse uses the Celsius h
carbon-in-glass temperabure £, now defined as$ '
Thermisters + _ T _ayss
Silie o e = bet en the ackual thermeo-
Hode G::'HS . the differenc be we

| ina i b nd the thermed wamic
ghermo couples ‘}"::,“tegp- dynamic tempera ure a Y

n. ' n I
towmperatbure of bhe ice poml:.
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-3 Measurements of H\ermodgnomu'c temperature

There (g an interesting histery (n this cholce , )
of 2373.1b for the briple point of water Lt is difficult and therefore mostly dene in

_— et m o e e e e e — -

— When I came as a student in +he thermometry
greup around 1950 there were many disgusivons In our Frange of interest (l k - 273 *\') ene uses :
on the best value of the ice-point  at that
time deduced from the assumption that

t boill'na peint Hy0,1atm

1 Gos thermometer (constant volume ,constant

. amount of gas)
- t..cc =100°C .The e.uPen‘- manomesz g‘_d_e_alla P V=NRT

ilas
ments that were assessed were all gas thermemele, captiiany _% =$ $T=.P_ Tr!f
measure ments reservoir ref  Tref Pre
| measured patBP If:hag':;d agree Tdeblly Tref = Terp.Hyo » but in practice ene cheoses
P . : : 171348 \ a ¢ in the temp. range of inkerest
measured pakice. | (some people fought ref g .
1 mgasured pa ke ! for z?a.lrf‘) Preblems: + non-ideality of 9as
ed ! -
c‘o\}‘ - .-)i €— Gssumed 100 2 odsorp&fen of gas
: s - l 3 jos in capillary and manemeler
. 1 1 ] . 1) . N
zero p T 00t 4 pressure in cell differs from that in
manomeler

— When Later it was decided on good grounds to
use khe water triple point _(ttrp-t‘“.—.o.ooqqla‘c

X ea.01%°C )

dand 4 can he solved 53 measuring the pregsiuwre
direckly in the reserveir (fow temp. pressure

the triple point was sek ot 273.14 k. _Erqﬂsducel)

- Receent ?astkermame\:rcj and tatal radien Eharme. T
metry gave  starking from Tf"P = 27306k 2 Total radiation thermomaker
Tap = 373.124 I in stead of the expected 373 I r— tléa;'«; Radiative energy :omn'he from black
which means +hat tBP"tIcQ “» now qq.9T4 K ‘-' T body : U= :1:—3'3" W
(tap '-'Q‘i-‘lT‘i.c) t , c::lors‘ma’:fzr T = TTer R3 569 mE Y
The right value for Ti.o should have been 273.22 k! v oz 2k The radiakion is collected in ow Eemp



Mmeasurements of therm.temperature {cont.) Ce

The International Tamperature Scale of 199;"
3 Therwal noise thermomeber LTS-q0
. Th ion i
v(t)) =0 i ¢ question is, of course h +
&/ v( 2 TR avx é_ E'p'r’-—o f dZ +af f  now to gek from these
2 (%) (Vv(t) >=u 5 jE g undamental temp. measurements +o reliable
- temp. measurements in science and industry
Used at 84K and 4 K and below and somebimes 27316 K
ak Rfsher Eempern.kuru. at very low temperabure Fundamenkall calibrated
Y L Pk resistance
dewn to | mik , superconductive amplifrers l'emp. thermomeber [J34:5561 & Erpoint of Me
are used for measuring the bow voltages. Long measuamcnlﬂ i3 .
.8033 k tr.point of e-H
mea.s‘uri‘nq_ Eimes are rec;uu’rcd Fer a.vera.al'hs 2 RhFe resistance L
thermomelers
J4y ? 4.222 tk
We can include here two types of semi-thermo- 47 He THe J
- Vapour [ressure obs
dynamic thermometers : Ehe i owsebsel
thgne.*'ic: Ehermometer makes use of Curie-f€aw - |¢ temperatures of reference points (tripla point
: i for o paramagnetic salt of Hg (234.315Kk) , Ar (83.805¢ k)
O %= O, (sus504 K], e (20.0541
LT T secondary  due to several factors: e-H, (13,2033 k)
‘ £ coils nen-tdeality of salbk 3 erconductive transition temperatures !-‘_il
LR | filling facter of coils ete of Pb 4.1999 k Zn o.8s1 k
Mutua® u‘n_gtédanu the Ehermemeter s not really In 3.4vys Ca o.5iIq K
M=h+ = . Ehermedynomic Re iy 96
Vapour pressure thermometers The Tntewnational Temperature CScale of 1990
== manomeler ?Hg osK ~ 3.3k  Thermodyna- ives:
! YHe 15 -¥ mics 9'."“% \ G detailed preseription how o calibrate standard .
vapourand Lguid 44, -20 shape of Ehe _p@al-lnum resistance thermometers down fo 13.8033 k-
2 vapour pressur *
Ne 25 -27 wnm T curve 2 Describes interpolation gas thermomekter 24.ssbil ~
N. 63 -7 -~4ak

0. s4 =-90 3 'fﬁgnmlat-le vapour joressure e7ual-fon.s




The ITS-q0
'Def-‘m‘na fixed peints

-7

Tgol = tqo [%c Substance  Shate
At s -~ 27015 o He v T
~aé6g.%
13.8033 2593467 e-H, T interpo-
x (3 -256.4s e-H, (or He) V(forG) !o;.:?-
2063 -152.9% e-H; (or He) V{er G) therm.
145561 -298£5939 Ne T
$4.35@4 -219239:16 o, T
23.9058% -129.3y42 Ar T
2393156 - 3¢9 Yy H3 T Platinum
2734 6 e.ol H,0 T Fesistance
3029146 2q.364b Ga M H':':_:‘r
4293u4¢s 156.59 25 In F
SoSo0}¢& 231.92¢ Cn F
692,633 4yrq.s23 Zn F
433.473 bb0.3213 Ré F
123493 Q6639 g F
1337.33 TIXRE; Ay F
1357.33 tofPqg.ba Cu F

All substances except *He are of natural isotopic compo.

sikion

e-H, is hﬁdrogen at egnil-‘brium coencentration of orths and

The International Tewmperature Scaleof 1930 4~

(175-90) comt.

V zvapeur pressure peint : T = kriple point para Ferms

G = gas thermomeler point ; M, F. melting, freeaing
3 point at lof 325 Pa
0.bs Kk - 3.2 k *He vapour pressure =Ty, €quation

Y
lis k -50 k He ~ Tao "

Ly (X

The national standards Paborateries provide +o

users who need acecurate tewmperature determina-
tions, or to manufacturets of thermometers,
Ehermometers calibraded on 1TS-qo0, ie :
Fer the range 13.033 K ~ 2735 k

calibrated againtt a standard PE resitFance

thermemeter

For the range ~ak _ 24.5€6! k
calibrated aam‘n:l- an ihl-c.rpofo.l—rha gas-
thermometer

For the range below 4y Kk
calibrated againié THe or *He vepsur pressure,




3 Thermemeters T ' -10-
Platinum resistance thermometers

1Va.pout- pressure bl\ermume-i-ers

q . ve .
—Hﬁr "":"'T;!_,_E:f"if";? paint % cnh?:.fz‘:z P The wesistance increases
X patnt ' ';c::;;‘ :""" approx. propor Eiona€ with
5041.8 Pa ; ) T . \ dR
20768k i %=z 3-1-.“-‘-°-°°“/K :
E but Ralﬂ:ens of helew |
T . 50 s00 ~Sok
At 4.2 k extremely sensi Tk
sibi dp o3 T .
! iZive Eg" —?;.—2-5—"-: '_‘.;ig_ﬂ Qccordmg +to Matthiessen's Law -R=R£desl|-)"' aR
. b x ?;‘I;/o For caood Pt thermometers -qu/Rznk £ soo-\o'b
Temper .
.___F: atures deduced from bath pressqre Types of Pk-thermometers
I manomete, .
A
the correchi «-geass metal Standard
™ b "e:: 9: .For hydrostatic head g _. head | K Pt Eherm's
ark . wid Vs ~ i mk per Yem ab c Pt wire o.0Fmm £
‘ 3 | mk per cm at 2.2k (but f ,‘I:?I: sul 8 1 |
8 o ¢
;se there nok, in gereral realized) and v P 2 |- Quartz
-— o ke"w T-A ¢ ‘ Roﬂcx ﬁf.n- tube
lamperatures deduced “ capsule l g PE woirsa
sing v, - - ~0.5 mm
this metheoat E%mapwr pressure Bgeﬂ lyk -150%C LJ .Ro‘c 1R \—J Rooc= 2-5N
mere rels .
" results but one has ¢o a\::?::- &M High bemperature
cold shobs” (whi ' gk —boo®t 0*C ~qbo*C L
P (w ich woula lve E . . : b
too Cow pressure) and ) a Expensive ( 4 2000 - tqaoo); delicate (o.lmk/_,_{,.ock, :
Reat influx kisk&j stable o.i mik ; Low resistance
No mneagu
X Surable effect of magnetic Fields Laberatery (industrial ) Pt Ehermomseters
“He  Similar +o “He  Onf Cheap (#30) ; not delicate ; sl'qh'eu'l:ljlr!:-lomkal- -nl:.
No N transition (except at :kv:'mr pressure boutf resiskances up to 10005 at o°c jsmall sizes
eémperature ) are available

Even more gensibive



PT WIRE HELIX PARTIALLY
EMBEDDED IN GLASS DR
REFRACTORY CEMENT

ALUMINA TUBE

PY WIRE HELIX PARTIALLY
EMBEDDED IN REFRACTORY
CEMENT

7

STAINLESS STEEL SUBSTRATE

PT WIRE HELIX SUPPORTED
/‘ IN SOFT ALUMINA POWDER

VIATLLSSLY WS

TIPS TTIIOIN

ALUMINA TUBE

PT WIRE COATED WITH
REFRACTORY CEMENT

PT ALLOY TUBES

Fig. 16.1: (a) Fabrication of IPRTs: wire-wound;
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REFRACTORY CEMENT
PT WIRE

PP T T T 77

SFFENEESEREFFNINENL

IIAERTTITTTIITITTY,

ALUMINA MANDREL

PT LEADS
ALUMINA FOWDER ALUMINA
PT WIRE MANDREL

ALUMINA OUTER TUBE
PT LEADS

PT HELIX (BIFILAR)

AR A A RAS
i
A,

CONCENTRIC GLASS TUBES
FUSED TOGETHER

Fig. 16.1:
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131

PT FILM (>0.007 mm THICK)

ALUMINA
SUBSTRATE

EPOXY
COATING PT FILM
<2um THICK
ALUMINA
SUBSTRATE

UNCOATED PT FILM {<2um)
ON BOTH PLATES
ALUMINA PLATES

ALUMINA TUBE

{b) Fabrication of IPRTs: thick fitm [Curtis {1982)).
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RhFe (rhodium with 0.03% ireon) resis tance

thermemeters

Espec\‘allj used beleaw 30Kk (dowh +o o.sk)

where the PE regsistance bhermamgl-er Looses

sensikbivi by
R qﬂrox;makelg @inear in T between o5kt
and 3ok ; above 30 k behaviour Eife pure
metal (plakinum) (see p 10 )
standand RhFe ~Eherm (capsule typhe €ike Pt)
mgaey stable (0.l mk) , delicate and expensive
Smaller types alse thin fiim RhFe therm’s
are available which are in general Cess stable

Germanium (doped) resistance thermometers
R increases with

These are Semicenduckers :

decreas(nﬂemperature )
V;u usefu below 30k ( 100k) as &zbora‘l‘or:’

standards and as phractical thermometers

Sometimes specified accerding to their
resisrawce ab 4.2k (Ge 1o0o,Ge 200... Gelo)
Hish resi{stance Ccompared to Pt and RhFe); ﬁzl,
sensibivity

mosre, as dead Rerse” encapsulated units

1 copper capsule filled with

~3mm e oriHe gas although motk
| of the heat centackt comes
: through Ceads

R 2-poinksF Ry _points

_-— - R SR e st dee LR N |
~-fla-
/6 &( CRYQ RESISTOR GERMANIUM SENSORS
TEMPERATURE vs RESISTANCE
100K T'r} = [T i T 0 | T ey —fr V
: } :
j | i
_.;_._ - | - - _;_ H _"]-.
Rl T
L Lo ~L.4 - —t - |
f” : R k!,,l J_ T j.i_} E ir
EENERE e
1oy e kAN
- I SO NS D M S T
- ; f i =ttt : + ; Pfr
o 1 —— c ﬂj’  loua
,,ﬁl., b - - - IR -4 —
Sl Y P
\ :: H ‘ T H B jr‘ _T_— n
PN _t_' .9 H |
i Y I; — ..__ —;—--‘b—-a— Eals a L
qu— - - i ! I Pt
—— t T ! T
NC TN T\ o R
AW 1 T T ¥ |
l—— X_ : T T 10}.16.
SISTANCE [—- - T \ e RECOMMENDED
(OHMS) : N Y N LT CURRENT
D NN AR
Sk RN
100 p—r—t—+- k‘ A Y &
I b W 4 t man
- \ \‘ 7
JODPa
1
————— A V| AN -
¢ _;' " 1 sy iT NN 0 }_“"I”'
- i i : . -1 1 N NG N L
1t 1 T T TN ™ 1
P NN N N
E | : . ! ' \\~ \
i ; ! 3
10 - - .i‘ J : - . FH
T E ~HT LT +
o v g s 7 B R RN O
, 1 3 BB TR ™S ' [ W o S I Il oy
. 1 2 3 5 10 20 30

TEMPERATURE (K)
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Carbon resistance Ehermometers

Conduction believed to Be by eoppl'ng of

efectron over energy batriers (ﬁoppr‘ng betweey

ratns. Regista increases exponentially +owards
‘esisTancg inc b |

Lower l:e.mper atures.

1" y
.ommercial radio registors

Qlon Brad?eg ~1 K - tbo K cheap and sensitive
stakiliky on thermal cscla‘ns +o0 300 Kk may be

prelofem ; sometimes o overceme by repeateq
calibratien at one bemp +o determine AR  the
change in the calibration, ak khis temperature
and assumins AR/R +o Be fhdepeudeal- oFT'

Matsushita < Ik  where Allen qud(’eg's
resistances becowme very hl‘g‘-\

Carbon -in-g@ass

Prepared by Reating poreus glass with erganic
Liguid in the peres. The remaining carbon
fixed i +the holes . This,
end encapsulation (OiRe for Ge +hermome+eﬂj

particles are now

censiderably improves stability of calibration

s - 13-

- Ge % — Roof mlen—ﬂr;&y
° - -
Rwa - \.\ \'\_\ ‘- carbon i# 3&155
/n /‘\ \ . .‘..
10D _mgbon S W,
er - e
Matg:shika \'\\‘\\ >f;
10 - * ",
R,'DFQ"__ - - - :-
|k ;
| § Pt
o™ J
o4 1~ 1 1
001 o©Jd | 1o 100 ftooo
- T/

ECectrical resistance of some btypical thermomeken

Pt Standard Pt resistance therm. Rp%e z 2500
(Industrial Pt therm. with Rooe up to tooo N are
ovailable bub sewsitity remains Pow belsw ~ 2.0 k)

Pt and RhFe skandard therm's are high €y stakle
Smallet and metal fibm RhFe therm's are available

Ge Germanium resisbtance thermometer

'Differenk bypes of carbon therm's are (ndicated
carbon-s‘n-g?an {s more stable
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17. Thermistors

The term thermistor refers 1o semiconducting ceramic materials, generally oxides,
acting as sensing elemenls of devices for measuring temperature. A very extensive
literalure is available on this subject: especially valuable is a book by Sachse (1975), and
many papers in Temperature, ts Measurement and Control in Science and Industry, Vol. 4
(1972) and Vol. 5 (1982}

It is difficult 1o discuss thermistors within the framework of lhis document; their
characterislics are much more device-dependent than those of other thermomeiers, so their
properties must be related to specific commercial devices and a general description cannol
be given in lerms of materials, at least for a moderalely high level of a;:curacy. On the other
hand, the thermistor is very widely used and may show a slability comparable with that of
an IPRT.

The range of use of each particular thermistor is narrow since Lhe
resistance/lemperature refationship is expeonenltial of the form

R = Ro expl-b((V/T} - {1/To}}] (17.1)

where Rg is the zero-power resistance (lypically between 2 and 30 kQ) of the thermistor
at some reference temperature Tg (kelvins), frequenlly 298 K (zero power resistance is
the resistance when the current is low enough o produce negligibly small self-heating).
The constant b is such that R changes about 4 percent per kelvin. Therefore a suitable type
of thermistor must be chosen for each specitic application,

Although thermistors can be used al very low temperatures (liquid helium {Schlosser
and Munnings {1972)]) and at high temperalures (above 500 °C [Sachse (1975)]), the
main area of application is between about -80 °C and 250 °C. They may be considered as
secondary thermomelers (accurate to within 50 mK to 5 mK)} only in an even nasrower
range, between 0 °C and 100 °C. The following discussion is resiricled 1o this laller range.

Both disk and bead types can hava this qualily when they are glass-coated (o limit the
deleterious effect ol moisture. Apart from the effect of moisture on the thermistor itself,
the probe whare the thermistor is usuvally mounted can also be moisture-sensilive; for
example, moistura can cause shunting belween the connecting leads.

Interchangeability of thermistors can be within 50 mK, especially with disk types
because the targer sensing alement more easily allows constancy in the unit-to-unit
distribution of materials in the mixture of oxides.

146

Stability on thermal cycling is the main guide 1o thermometer quality. Several siudies
{LaMers et al. {1982), Wood et al. {1978), Edwards {1983), Mangum (1986}] reveal a
large varialy of behaviours. As with garmanium thermomelers, it is dificult to express a
general rule on stability or even on drilt rends. In the mos! extensive of these studies,
Wood et al. (1978) present a large number of figures thal show the aging of a large variety
of thermistors at various lemperatures. The reader is referred to these figures for the
details. Some types from two manufaclurers appear to show a stabilily better than
10 mK/year.

Mangum (1986) found the bead-in-glass thermistors to be much more stabla than the
disk type. Ouring about 4000 h aging at 100 °C, 11 of 12 bead-type lhermistors were
stabile to within 5 mK but 10 of 11 disk-type thermistors changed several tenths of a
degree. The bead-type sensors became much less stable if subjected lo heating at 300 °C.
When they were thermally cycied to 150 °C, about 30% of a sample of 20 changed by 50 1o
250 mK. Mangum found no significant differences between the producis ol various
manufacturers.

Moderately large calibration changes due to drift are reparted [Code {1985)] lo be
retrievable by a single-paint recalibration, since the whole characteristic shifts by Ihe
same amount in the whole temperalure range.

Since the sensing element is generally mounted in a stem, the self-heating elfect,
dynamic response, and immersion error are determined essentially by the stem; therefore
the magnitudes of Ihese are comman to those of other types of thermometers used in the
same temperalure range, such as IPRTs (see Section 16.3).

interpolation equations of the exponential type, wilh two ¢r mare exponentiat terms,
or the following inverse equation:

T'aA+8MR+C(nR® (17.2)

can be used for approximation of the thermistor R-T characterislics wilhin a few

millikelvins over several lens of kelvins (Sapolf et al. (1982), Sieinhart and Harl
{1968)].
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Diode thermometrers

voltage over
the driode
at a current
of to u R

as a funch‘on

af T
t‘ale;'mamenr
Lage Shere
; L. L L L e
0.00 10 (00 200 300 Yoo T/k

These are not resistance thermomelers, because

the vaEtaae over the diode is not pro]:or’!:c‘ohae
to +he current

Very sensibive and in eatz_e temperature range

linear in. T . Much used in commercial and
E-_-—--_-— s

Laboratory applications

Stabili by -
Lafe Shore : repeatability over fast 4 cycles

e —

has to be ketter than TSomK at 4.2k’ for
device acceptance

Bed Eord: No ?eheral state ment can be made
vegarding the stability of diode therm's ; sefected
ones can be as stable as 6.0t KK but much
.Earger instabilibies caw occur unpredu‘ctabfy

Gafs dicde thermometers have lower magnetic
Teld denendence . Repeatability typically Tiomi

(%.

120 Ty a -
14. Diode Thermomelers

Dicdes can be usad above room temperature (e.g. in clinical thermomeltry) bul nol
with sufficiently-high accuracy to be considered in this monograph. There is an extensive
literature on semiconducting diodes with possible applicalion as cryogenic thermomelers
fe.g. Swartz and Swartz (1974), Lengerer (1974), and Rubin and Brandt (1982}] bu
only two types intended for use as thermomelers are commercially available: GaAs and Si.
The temperature-indicating parameter is the forward-biased junclion voltage, which
decreases approximalely linearly with increasing temperature when the current is kep!
conslant.

Because of thair almosl itivial cost, silicon diodes mass-produced for the electrenics
industry have been widely tested as thermomelers. They would have particular appeal in
large engineering projecls requiring hundreds of sensors. It turns out, however, (o be very
costly 10 select the very small percentage that are adequale for thermometric use., The
following discussion does nol apply 1o these devices, bu! to diodes that are manufaclured for
specific use as thermometers. There are some specific drawbacks 1o diode thermomelers:

a} The typical 1-V characteristic is such as o make the internal impedance of the

device very high {easily greater than 100 kQ2) at small currents; or else - using a
larger current - one encounters unacceplably high power dissipalion al low
lemperatures.

b} There is a transition region in the conduction mechanism around 20 K that makes

fiting a V.T characteristic over the whole temperalure range difficull for GaAs
and impossible for Si (Figs. 14.1 and 14.2).
For GaAs the least-squares filled equation [Pavese {1974)]

?
VeX Afln Ty,
EE, fin T {14.1})

’

(where T' = (T/T;} + 1) fits 1o within about + 0.1 K {~ £ 100 paris per million in

voltage) from 4 X 1o 300 K. For higher accuracy, the range is subdivided into two seclions
with the junction near 80 K. An eflective equation for the two-range filling is [Swartz and
Gaines (1972)):
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Thermocouples

o 5 - i Cu copper -consfantan
SR e thermocouple
121 ~15€~ const | \ oceup :
[— at reem l:emp ~ Qo)uVllr
—' - I;
T R . _ T _ N o rmen
14 1 L 2 T' (l' f." ‘nh')
o o Fao Fe cu L. \fon ~-cohstantan
] S “F const at reem # vik
oo W= booas ’ J — om temp v sopv |
u - “\ 400 ;-21:1 - ...J
0 4 [ Tl T'
09 00 [
. 100 Faro Thermocou‘:ees are clneap and Fasl' ,\n pal'{-u'cular :
o A\ usefuf for measuring temperature differences i
< 680 2 sa w0 500 Rbove say boo®C the onby Prach’cae thermometers |
Fig. 14.1:  Voltage and sensitivity of a gallium arsenide diode as a function of temperature TB pe" OF E‘\g't‘ mocoubees th
and current {labels on curves) [alter Pavese and Limbarinu (1972}). r'anse 1 l'qhil.'[-! 233 ﬂ'mo Pow!l"
Pt 0% Rh -PE | <isao0®c |t oak oMV /K
Pt 13%Rh - Pt . . ,
2.0 [ i - . i
Base metal ;
Type € NiCr-CuNi| {goo®c |2 1 k | bo i
- J FeCu-N0 | (800 |t t Kk bo |
2 K NeCr- NifIE (1200°%| £ 1 k
£ N £ goo
C T Cu -Cu N/ <goo°d L . kK | 4o !
L constonkan )
Fe - conskantan <®00°C t ik | SO
0.0 1 i 4 L i 1 T : )
‘ " all these thermocoupfes foose semsibivity ot
emperature (K
Fig. 14.2: Forward biased vollage of a silicon diode as a function of temperature. The ‘eow temPer akurcs

lower lemperature region is shown fo larger scale in the inse! [Lanchester ..h
{(1989}].
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Thermo e fece boxfer Magneke f‘-‘bﬂd effect givem as errers in

measured kemperatuces and repeatalility(in zero

[ield for various tkermomebers
'. ok t too v repeal'ebnhl-y

of thermo c.oupees

Ordinary thermo couple

T 2T
Cu - (Cu-constantan and FEioo Jy resiskFance | 20.;_/0 T {20k goq% 0.4% Tiomk 77k
constantan  Fe. conskantan)which RhFe. . 3 Do ot 0.9 .
have sevns.'i.-lv-‘h‘es °f Qe . q-15  15-bo 31-10  I¥-30 to@mk 4k
~ . z K 20k
| Qu 0.03% Fe - "°)‘ /e ot reom. Carbon-m-gfass . 05 23 (4k) | ooxr oof '!.:Bnrnk :k
chromel temperatures, Loose Carbon ) -5 .20 .
sensitivity at Lowy -
. Qs o.o_|3"o Fe - I:evnpel'al:ures Silicen disde [] 30 (20k) | 0.2 o5 |[fiomk yk
silver *
Qu-Fe - chromel has- GaRs " 21 30?. ((gol:()) ot-0.2 o !
O 5% l;o';oc at Peast 1o HV [k _dewn Capacitance {o.01 {o.0i (oot <ot |t kormor-g

—»T /K 40 0 K

L.
Thermocouples :
Compare these veBtage sensitivikies with thase

. Chromel-censtantan { 3 R otk
of platinum or germanium resistance therm'’s Chromel- AuFe(oop%] 3 20 o o ol K
Eq: Pt oo Nato®c ot leo k Ru0, resistance ? o
with meqsurl'h% currenl- of 2mA » 3‘;:-_ = ©8 '-T—‘_Y
( this current will Eeep seEf—keql:u'n3 befow a few mk') Standard Pt rcsisi-;‘n\ce thermometers have a
repeatability from O2mk (273k~2yk) 4o ~03mk
Ge 1000 NLat yk at 1y ke
R xlose Nl 2R & 300 =
X looed ar = ™ Standard RhfFe : o1 mk osk-30khk
wii B measuring current of 5‘0)..9 d:’_ L.¥ ";V
(se8f-heating for (o. :b/-"W) will be tmk or Cess) }‘\Jol:e Ehat e repeatabibity oftioml ak 33 k for
industrial PE thermometlers could mean t3omk
With all tﬁermgcouh‘es DC veflages must be at 20k

measured which mafes mik-weor Impessible , but

Q_gnqes in tamperakure differences can be
wencnred breciceluy (Euen WLERIN MK K'S)
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Typical Magnetic Field-Dependent Temperature Errors for
tor Selected Cryogenic Temperature Sensors
AT /T{%) at B (magnetic tield)

Typical Magnetic Field-Dependent Temperature Errors for Diode Temperature Sensors

B {tesla units)

Sensor Type T(K) 2.5 8 14 19 Comments
Carbon Glass 42 -0.5 -2.3 -4.9 6.6
Rasistors 19 02 0 2% a8 Negative AR/R when T z 60K.
Zg g gg 0.22 0.54 0.79 Good reproducibifity.
4 X 0.48 1.32 215
P 005 045 V32 290 Reduced sensilivily abave 100K,
306 <0.01 .22 062 1.14 Errors negalve below 20K.
Platinum Resistors 20 20 100 250
0 05 3 p gaa ?gcgg:(mendea for usa whan
a7 0.04 04 1 t.74 - .
300 <001 Qo2 Q.07 013
:m«;trglrm ‘3.2 1 } 5 'lﬂzl (6 tesla) 30 4676 Not recammenced for use below 77K
esi . : i i
87 03 s " € in magnenhc lisids.
300 <091 0.1 0.4 -
C5-401 22 <Q 02 <0.02 oQ2 - Propably zerd heid-nduced tempera-
) 42 <0.01 <001 ool ture error  Recommended far control
(S1TiD ) 88 <0.0 <001 <001 <0.01 PUIPAsESs.
Capacitois 190 <0.01 <0.01 <0.01 0.0
(CS-I!'I:.?1 ATAT(%) < 0.15 at 4 2K ang 18 7 tas! Recommandsd for control purposes.
mulilayer o) < 0.15 at al 1asla.
caramic elament AT/T{*%) <0.05 at 77K anc 305K and 18.7 tasla. Monotonicn C vs. T o nearly room
Capacilos temperature.
Garmarium 20 -8 -60 Not recommended except at low 1§~
Resistors 13,2 ~3 :o —Zg g(s) o gg gg 10 ;g owing 0 larga. onentaton-depondent
-410 -1 2510 - 60 to -
20 31020 | 535 | S0w0-80 femperalure effsct
Chromel-AuFe (0.07%) 0 k] 20 30 Data laken with anhre thermaceuple
Themocouples 45 1 5 7 - in fisid, coid junction at 4. 2K, errors in
100 0.1 0.8 - hot juncpon tamperature.
Type E (Chromel-Culi} 10 $ 3 7 Uselul when T2 10K
Thermacouples fg A 3 3 i Refer to comments lor Chromal-AuFe

0.07%)

Table 33. L. G Rubin. B.
and High Magneuc Fialds,

L. Brandt and H. H. Sampie, some Practicat Solulions ta Measurameni Provlems Encountesed ai Low Temperatures
Advances in Creagan éﬁumﬂ ng. vol. 31, Plenum Press. New Yark (1986), p. 1221.

AT IT (%)
at B (magnetic field}
i {tesla units)
mments
Sensor Type T(K) 1 2 5 (’fo : _
1 1 Shown with jJunchon par-
Gaalas Dicdes 42 29 gg g; gg 32 St appiad hok
% <01 <01 017 016 0 M (Whenjuncion s paral
300 501 <Q1 <01 < 0.1 < Q.1 typicatly tcssucsthadn, of on the
order of, those shown )
- 300 -350 4C0 500 Strangly anemanon
Sican Chodes 423 aeg o o . o Stongy o
40 -4 6 -8 10 12
60 0.5 1 2 -3 ' ? g Juncrion paraiial to heid
0t Q5 -0.8 -1 -
33[0) :-0 1 <01 <01 <01 <01
- . -20 Junchon parpendicular to
Sihcon Dides 423 3 g 1 15 lgs % vy
40 1.5 -3 -4 ? ?.‘:
-5 0.7 0.8 - -1.
gg 0.1 0.3 08 0.6 0.7
300 <0.1 0.2 05 0.6 06
Table 34. ‘ . ) \
Cryogenic Temperature Sensor Size Relationship Scale
DT-470 DT-450 C8-401 CS-501
PT-4T1
TG-120FP TG-120P GR-200A GR-2008
CGR o AF-800

I

O —— I

PT-102 PT-103 PT-1M

Figure 28.

nlnnllmlmllnnlnnlnnllmlnnlnnlmlhmlunl
1 20 30 40 50 &0 70

1 division = 1 mm (scale 2.510 1}
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MQQSurfna methods and ecbun‘pmenl‘

We will restrick ourselves +o bhe measurement
of resistances of resistance thermomebters.
In geherot electrical resiskances can relah‘veeg easu’(l(

be measured. with 9..'91\ accuracy

2 -3 and 4 Leads. measurements
R Ry R RI
{'\)
L Th ) R Th R
) Gl e
_ Source -~
Wheat stene Bl"l’die

j
R-:l"‘l\=.R

- —

Potentiometric
Vr
- Rs
y-€eads

2-Qeads 3~ Leads
Onby in the 4 feads meaturements
the resistance of the Leads do net play a rofe . Thi's
i$ impertank fer Low resistance thermomekers where

the Pead resistances are net small compared +o the
v v

thermometer resistance

Qlseo imPorkanl- for Ge-thermeme ier.sI x

In the potentiometric method the current has +o
be QCPE constant dgp‘na the meas. OF V-rh and VRS

One can use either a DC or an QG source;in
case of DC the measurement should be repeated

after ,ﬁ.u;ce.h.t.:tmd {n order +o cancel the effecks
oF spurlous ermal EMF's,

Most standards Laberateries use for Bighest
— e T
accuracy resiskance measurements of fow
resistance Pt anda RhFe thermometers hand

?_E_e_r'g_("_e_g__ DC potentiemgters (GuildBine

accuracy | LA w‘

Gutemake AC -potenkiomelers are available

with similar accuracy

Shecial purpese RAC-pokentiometer: with very Cow

c._u_rrenl- tkroutln the thermemeter (to aveid
sef hea.Hns Yare avartable espeiially for very LowT

Mere expensive diqital melers have provisions
for 4 - Leads resistance meausements ; but seff-

‘geal:l'ng of severa mK's can occur if the measuring

current is not Lo eneuah.

a s«'mPee Whealstone hn‘dag (seEF—que} with a

Lock - in qmpls’f‘er as detector s often useful

For 4-0eads measurements the circuit given before
can sfmp?s be made with either DC or AC and a
mV ,).V or nV meter

SQQE geql':;'ns of resistance thermometers by the

wieasuring current depend much on model of sensor
and tewmperature . most manuf acturers give data.

Evgn hgi-l;% determine tb yourseff

00 o
Eg Sma'ICAPb therm.(ceramic) down to 20K ~ o.z':/»w
which means +hat 2mhA give (in 2.5n) amk se ﬁ,},g.'n’
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THE INTERNATIONAL TEMPERATURE SCALE OF 1990
(1T5-90)

It should be noted that the official version of the scale is the French one.
The English version, published for convenience, has been authorized by the
Comité Consultatil de Thermométrie and approved by the Comité International
des Poids et Mesures.

The International Temperature Scale of 1990 was adopted by the
Comité International des Poids et Mesures at its mecting in 1989, in
accordance with the request embodied in Resolution 7 of the 18th
Conférence Genérale des Poids et Mesures of 1987. This scale supersedes
the Intcrnational Practical Temperature Scale of 1968 (amended edition
of 1975) and the 1976 Provisional 0,5 K to 30 K Temperature Scale.

E. Units of temperature

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

Because of the way earlier temperature scales were defined, it remains
common praclice to express a temperature in terms of its difference
from 273,15 K, the ice poinl. A thermodynamic temperature, T, cxpressed
in this way is known as a Celsius temperature, symbol ¢, defined by :

t/°C'= T/K — 273,15, (n

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

() Comptes Rendus des Séances de la Treizieme Conference Générale des Poids et
Mesures (1967-1968), Resolutions 3 and 4, p. 104,
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The International Temperature Scale of 1990 (IT5-90) defines both
International Kelvin Temperatures, symbol Ty, and International Celsius
Temperatures, symbol ty. The relation between Tw and ty is the same
as that between T and 1, ie.:

ta/°C = Tw/K — 273,15 {2)

The unit of the physical quantity Ty is the kelvin, symbol K, and
the unit of the physical quantity fyq is the degrec Celsius, symbol °C,
as is the case for thc thcrmodynamic temperature T and the Celsius
temperature £,

2. Principles of the International Temperature Scale of 1990 (1T5-90)

The 1TS-90 extends upwards from 0,65 K to the highest temperature
practicably measurable in terms of the Planck radiation law using
monochromatic radiation. The ITS-90 comprises a number of ranges
and sub-ranges throughout each of which temperatures Ty arc dehned.
Several of these ranges or sub-ranges overlap, and where such overlapping
occurs, differing definitions of Ty exist : these differing definitions have
equal status. For measurcments of the very highest precision there may
be detcctable numerical differences belween measurements made at the
same temperature bul in accordance with diflering definitions. Simitarly,
even using one dcfinilion, at a tcmperature between defining fixed points
iwo acceptable interpolating instruments (e.g. resistance thermometers)
may give detectably differing numerical values of Ty. In virtually all
cases these differences are of negligible practical importance and are at
the minimum level consistent with a scale of no more than reasonable
complexity : for further information on this point, see « Supplementary
Information for the 1TS-90» *.

The 1TS-90 has been construcied in such a way that, throughoul
its range, for any given temperature the numerical value of 74 is a
close approximation to the numerical value of 7 according to best
estimates at the time the scale was adopted. By comparison with dircct
measurements of thermodynamic temperatures, measurements of Ty are
more easily made, arc more precise and are highly reproducibie.

There are significant numerical differences between the valucs of Ty
and the corresponding values of T, measured on the International
Practical Temperature Scale of 1968 (IPTS-68), see Fig. | and Table VI.
Similarly there were differences between the IPTS-68 and the International
Practical Temperature Scale of 1948 (IPTS-48), and belween the

* Cos Mannacanhy REPM /1900
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International Temperature Scale of 1948 (ITS-48) and the Intcrnational
Tempcral_urc Sca!c of 1927 (ITS-27). See the Appendix and, for more
detailed information, « Supplementary Information for the ITS-90 ».

3. Definition of the International Temperature Scale of 1990

Between 065K and 50K Ty is defined in terms of the vapour-
pressure temperature relations of *ile and ‘He.

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

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

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

The defining fixed points of the I1TS8-90 are listcd in Tablel. The
effects of pressure, arising from significant depths of immersion of the
sensor or from other causes, on the temperature of most of these points
are given in Table 11.

3.1. From 0,65 K to 5,0 K: helium vapour-pressure temperature
equations

. In this range Ty is defined in terms of the vapour pressure p of
He and *He using equations of the form ;

9
Tw/K = Ay + ¥ A[(In (p/Pa) — B)/C]. 3

I=1

The valups of the constants A,, 4;, B and C are given in Table II1
for He in the range of 0,65K to 3,2K, and for *He in the ranges
125K 1o 2,1768 K (the A point} and 2,1768 K 10 5,0 K.

3.2 From 3,0 K to (he ftriple point of neon (24,5561 K): gas
thermometer

In this range Ty is defined in terms of a *He or a ‘He gas
thermometer of the constant-volume type that has becn calibrated at
three temperatures. These are the trinle point of neon (24.5561 K. the

rg
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TasLe 1
Defining fixed poimts of the ITS-90

tion of the ortho- and para-molecular forms.
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Z.

— ¢-H. 1s hydrogen at the equilibrium concentra

— All substances except 'He are of natural isolo

tnple point {temperature at which the solid, liquid and vapour phases

pplementary [nformation for the ITS-90 ».
T:

Vapour pressure point ;

Vv
paint; M. F: meling pownt, freezing point (temperature, at a pressure of 101 325 Pa. at which the solid

— For advice on the realization of these various states, see « Su

— Symbols have the following meanings :

©in equilibrium) ;

G : gas thermometer

1 liquid phases are in equilibnum).
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TasLe 11

Effect of pressure on the temperatures of some defining fixed points *

Assigned value Temperature variation
of equilibrium
Substance temperature with pressure p with depth h
Tw/K (dT/dpy(10 *K-Pa'y** | (dT/dA)(107K-m~")***

e-Hydrogen (T} 11,8033 34 0,25
Neon (T) 24,556 1 16 19
Oxygen (T) 54 358 4 12 1.5
Argon (T) 838058 25 3
Mercury (T) 2343156 54 7.1
Waler (T) 21316 - 75 - 0on
Galfium 3029146 - 20 - 1,2
Indium 429,748 5 49 33
Tin 505,078 33 22
Zine 692,677 4.} 2.7
Aluminium 931,473 1.0 1.6
Silver 123493 6,0 5.4
Gold 133733 6.1 10
Copper L 357,17 3 26

* The reference pressure for melting and freezing points is the standard atmosphere
(p, = 101 325 Pa). For triple points {T) the pressurc effect is a consequence only of the
hydrostatic hcad of liquid in the cell.

** Fquivalent to millikelvins per standard atmosphere.

*** Equivalent to millikelvins per metre of liquid.

Taem.e 1H

Values of the constants for the helium vapour pressure Eq.(3),
and the temperature range for which each equation, identified

by its set of constants, is palid

'He He ‘He
065K 10 312K 1.25K to 2,1768 K 21768 K 10 50K

A 1,053 447 1,392 408 3,146 631
A, 0,980 106 0,527 153 £.357 655
Ay 0,676 380 0,166 756 0413923
A, 0,372 692 0,050 988 0,091 159
Ay 0,151 656 0,626 514 0,016 349
Ay - 0,002 263 0,001 975 0,001 826
A, 0,006 596 - 007976 - 0,004 325
A, 0,088 966 0.005 409 - 0,004 973
Ay - 0,004 770 04,013 259 0

Ay - 0,054 943 0 0

B 73 5,6 10,3
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triple point of equilibrium hydrogen (13,8033 K), and a tcmperature
between 3,0 K and 5,0 K. This last temperature is determined uvsing a
'He or a ‘He vapour pressure thermometer as specified in Sect. 3.1

3.2.1. From 4,2 K to the triple point of neon (24,5561 K) with ‘He
as the thermometric gas

In this range Ty is defined by the relation :
Tw=a+ bp+ cp’, 4)

where p is the pressure in the gas thermometer and a, b and ¢ are
coefficients the numerical values of which are obtained from mcasurements
made at the three defining fixed points given in Sect. 3.2, bul with the
further restriction that the lowest one of these points lies between 4,2 K
and 5,0K.

3.2.2. From 3,0 K to the triple point of neon (24,5561 K) with He

or ‘He as the thermometric gas

For a 'He gas thermometer, and for a *He gas thermometer uscd
below 4,2 K, the non-ideality of the gas must be accounted for explicitly,
using the appropriate second virial coeflicient B,(Ty) or B,(Ty). In this
range Ty is defined by the relation :

+ bp + ¢p
T,(.*a p + cp

T 1+ BA(T) NIV’ (3)

where p is the pressure in the gas thermomeler, a, b and ¢ are coellicients
the numerical values of which are obtained f[rom measurements at three
defining lemperatures as given in Sect. 3.2, N/V is the gas density with
N being the quantity of gas and V the volume of the bulb, x is 3 or
4 according to the isotope used, and the values of the second virial
coefficients are given by the relations :

For *He,
By(Ty)/m® mol™' = {16,69 — 336,98(Tw/K) !
+ 91,04(T5/K) "% — 13,82(Tw/K) 2} 107% (6 a}
For *He,
B(Tw)/m* mol~" = {16,708 — 374,05(Te/K)™"

— 383,53(To/K) 2 + 1 799,2(Tw/K)}
— 4033,2(Tw/K) ™ * + 3252,8(Tw/K) %1 1075 (6b)
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The accuracy wilh which Ty can be realized using Eqgs. (4) and (5)
depends on the design of the gas thermometer and the gas densily
used. Design criteria and current good practice required to achieve a
sclected accuracy are given in « Supplementary Information for the
ITS-50 ».

3.3. The triple point of equilibrium hydrogen (13,8033 K) to the freezing
point of silver (961,78 °C) : platinum resistance thermometer

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

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

For practical details and current good practice, in particular
concerning types of thermometer available, their acceptable operating
ranges, probable accuracics, permissible leakage resistance, resistance
valucs, and thermal treatment, see « Supplementary Information for the
ITS-90 ». It is particularly important to take account of the appropriate
hcat treatments that should be followed each time a platinum resistance
thermometer is subjected to a temperature above about 420 °C.

Temperatures are determined in terms of the ratio of lhe resistance
R(Ty) at a temperature Ty and the resistance R(273,16 K) at the triple
point of waler. This ratio, W(T), is () :

W(Ty) = R(Ty)/R(273,16 K). )]
An acceptable platinum resistance thermomeler must be made from

pure, strain-frec platinum, and it must satisfy at least one of the
following two relations :

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

() Note that this definition of W(T,) differs from the corresponding definition used
m the 1TS-27, ITS-48, IPTS-48 and IPTS-68: for all of these earlier scales W(T) was
defined in terms of a reference temperature of 0°C, which since 1954 has itsell been
defined as 273,15 K.
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An acceptable platinum resistance thermometer that is to be used
up to the freezing point of silver must also satisly the relation:

W(961,78 °C) = 4,2844. (8 c)

In each of the resistance thermomeler ranges, To is obtained from
W,(Tyw) as given by the appropriate reference function {Fgs. (9b) or
(10 b)), and the deviation W(Ty) — W.(Ty). At the defining fixed points
this devialion is obtained directly from the calibration of the thermometer ;
at intermediate lcmperatures it is obtained by means of the appropriate
deviation function (Eqgs. {12), (13) and (14)}.

(i) For the range 13,8033 K to 273,16 K the lollowing refcrence
function is defined :

In[W(Tw)] = Ag + Y 4, s 9 a)

i1

1 [1;.(7:,.,/273,16 K) + |,5]"

An inverse function, cquivalent to Eq. (9 a) to within 0,1 mK, is:

15 W W f
Tw/213,16 K = B, + ¥ B,[ '(T““(: 3 0‘65]. (9 b)

The values of the constants A,., A,. B, and B, are given in Table 1V.

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

an upper limit of 273,16 K.

(i) For the range 0°C to 961,78 °C the lollowing relerence lunction
is defined :

9 g _ ¥
WiTyw) = Cy + 3, C-[Mim?"sﬂs]- (10 a)

An inverse function, equivalent to cquation (10 a) to within 0,13 mK,
is:

- ¢ 4 — '
Tw/K — 27315 = Dy + ¥ n,["'(T’;‘JﬁJ. (10 b)
i=1 M

The values of the constants Cy, Ci, 5 and D, are given in Tablc 1V.
A thermomeler may be calibrated for use throughout this range or,

T -

TarLe 1V

Platinum resistance thermometer
The constants Ay, A,; By, B.; Co, C.; Dy and P, in the reference SJunction
of equations (9a); (9b); (10a); and (10b} respectively

Ao - 2,135 347 29 B, 0,183 324 722

A, 3,183 247 20 B, 0,240 975 303

A, — 1,801 435 97 5, 0,209 108 771

A 0,717 272 04 B, 0,190 439972

A 0.503 440 27 B, 0,142 648 498

As - 0,618 99395 8, 0,077 993 465

A - 005332322 B, 0012475 611

A 0,280 213 62 B, ~ 0,032267 121

Ar 0.107 152 24 8, — 0,075 291 522

Ay — 0,293 028 65 8, ~ 0,056 470 670

A 0.044 598 72 B 0,076 201 285

Ay 0,118 686 32 B, 0,123 893 204

Ay ~ 0,052 481 34 B, — 0,029 201 193
B, — 0,091 173 542
B 0,001 317 696
B, 0,026 025 526

Ca 2,781 572 54 D, 439,932 854

c 1,646 509 16 D, 472,418 020

<, — 0,137 14390 D, 37,684 494

G, — 0,006 497 67 n, 7,472 018

G — 0,002 344 44 n, 2,920 828

G 0,005 118 68 D, 0,005 184

G, 0,001 879 82 n, - 0,963 864

<, — 0,002 044 72 D, — 0,188 732

Gy — 0,000 461 22 D 0,191 203

Gy 0,000 457 24 D, 0,049 025

419,527 °C, 231,928°C, 156,5985°C or 29,7646 °C, all having a lower
himit of 0°C.

(i) A thcrmometer may be calibrated for use in the range
234,3156 K(— 38,8344 °C) 1o 29,7646 °C, the calibration being made at
these temperatures and at the triple point of water. Both reference
functions {Fqs. (9} and (10)} arc required to cover this range.

The defining fixed points and deviation functions for the various



TanLe V
in the various ranges in which they define Ty

Deviation functions and calibration points for platinum resistance thermometers
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* Calibration points 9, 12 to 14 are used with d = 0 for 1, < 660,323 °C; the valucs of a, b and ¢ thus obtained are retained for 1, = 660,323 °C,

nth d being determined from calibration point 5.

** See Tablel.
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3.3.1. The triple point of equilibriom hydrogen (13,8033 K) to the
triple point of water (273,16 K)

The thermometer is calibrated at the triple points of equilibrium
hydrogen (13,8033 K), neon (24,5561 K), oxygen (54,3584 K), argon
(83,8058 K), mercury (234,3156 K), and water (273,16 K), and at two
additional temperatures close to 17,0 K and 20,3 K. These last two may
be determined either: by using a gas thermometer as described in
Scet. 3.2, in which case the two temperatures must lic within the ranges
169K to 17,1K and 202K to 20,4 K respectively; or by using the
vapour pressurc-temperature relation of equilibrium hydrogen, in which
case the two lemperatures must lic within the ranges 17,025K 1o
17,045 K and 20,26 K to 20,28 K respectively, with the precise values
being determined from Egs. (11 a) and (11 b) respectively :

Tw/K — 17,035 = (p/kPa — 33,3213)/13,32, (11 a)
To/K = 20,27 = {p/kPa — 101,292)/30. (l1b)

The deviation function is () :

W(Tw) ~ W(Tyw) = a[W(Ty) = L] + B[W(Tx) — I}
5

+ cl[ln W(TN)]H’H! (12)

with values for the coeflficients a, b and ¢, being oblained from
measurements at the defining fixed points and with n = 2,

For this range and for the sub-ranges 3.3.1.1 to 3.3.1.3 the required
values of W, (Ty) arc obtained from Eq.(9a) or from Table I.

3.3.L1. The triple point of neon (24,5561 K) to the triple point of
water (273,16 K)

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

The deviation function is given by Eq. (i2) with values for the
coclficients a, b, ¢, ¢, and ¢, being obtained [rom measurements at the
defining fixed points and with ¢, = ¢c;=n = 0.

("} This deviation function {and also those of Egqs (13) and (14)) may be expressed
in terms of W, rather than W for this proccdure see « Supplementary Information for
ITS-90 »,
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3.3.1.2. The triple point of oxygen (54,3584 K) to the triple point of
water (273,16 K)

The thermometer is calibrated at the triple points of oxygen
(54,3584 K), argon (83,8058 K), mercury (234,3156 K) and water
{273.16 K).

The deviation function is given by Eq. (12) with valucs for the
coeflicients a, b and ¢, being obtained from measurements at the delining
fixed points, with ¢; = ¢; = ¢, = ¢; = 0 and with n = I.

3.3.1.3. The triple point of argon (83,8058 K) to the triplc point of
water (273,16 K)

The thermometer is calibrated at the triple points of argon (83,8058 K),
mercury (234,3156 K) and water (273,16 K).
The deviation funclion is :

W(T,) = WAT,) = a[W(T,5) = 1] + B[W(T,)) — 1]In W(T,)) (13

with the values of g and b being obtained from measurements at the
defining fixed points.

3.3.2. From 0°C to the freezing point of silver (961,78 °C)

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

The deviation function s :

W(Tw) = Wi(Ty) = a|W(Ty) — 1] + b[W(Ty) ~ 1)
+ c[W(T,,) = 1] + dW(T,) - W(660,323°C)1. (14

For temperatures below the freezing point of aluminium 4 = 0. with
the values of a, b and ¢ being determined [rom the measured deviations
from W, (T4) at the freezing points of tin, zinc and aluminium. From
the [reezing point of aluminium lo the [reezing point of silver the
above values of a, b and ¢ are relained and the value of  is determined
from the measured deviation from W,(Ty) at the freezing point of

stver.
For this rangc and for the sub-ranges 3.3.2.1 to 3.3.2.5 the requircd
valucs for W,(Ty) arc obtained from Eq. (10 a) or from Tabic 1.

3.3.2.1. From 0°C to the freezing point of aluminium (660,323 °()

The thermometer is calibrated at the triple point of water (0,01 °C),
and at the f(rcezing points of tin (231,928 °C), zinc (419,527 °C) and

Y PP —_— AL LN TN Oy
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The deviation function is given by Eq. (14). with the values of a. b
and ¢ being determined from measurements at the defining fixed points
and with 4 = 0.

3.3.2.2. From 0°C to the freezing point of zinc (419,527 *C)

The thermomeler is calibrated at the triple point of water (0,01 °C),
and at the freezing points of tin (231,928 °C) and zinc (419,527 °‘C).

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

3.3.2.3. From 0°C to the freezing point of tin (231,928 °C)

The thermometer is calibrated at the triple peint of water (0,01 *C),
and at the freezing points of indium (156,5985 °C), and tin (231,928 °C).

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

3.3.24. From 0°C to the freczing point of indium (156,5985 °C)

The thermometer is calibrated at the triple point of water {0,01 °C),
and at the [reezing point of indium (156,5985 °C),

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

3.3.2.5. From 0°C to the melting point of gallium (29,7646 )

The thermometer is calibrated at the triple point of water (0,01 *C),
and at the melting point of gallium (29,7646 °C).

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

3.3.3. The triple point of mercury (— 38,8344 °C) to the melting point
of gallium (29,7646 °C)

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

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

The required values of W,(Ty) are obtained from Egs. {9 a) and
(t0a) for measurements below and above 273,16 K respectively, or
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3.4. The range above the freezing point of silver (961,78 °C): Planck
radiation law

Above the [reczing point of silver the temperature 7Ty is defined by
the equation :

Li(Tw) _ exp(c[ATw(X)]7") — I’

= 15
LiTw(0] ~ exp (@liTol ) — 1 ()

where To(X) refers to any one of the silver {Tw(Ag) = 123493K}
the gold {Tw(Au) = 1337,33K} or the copper {T5%(Cu) = | 357,77 K}
freczing points () and in which L,(Ty) and L[ Tw(X)] arc the spectral
concentrations of the radiance of a blackbody at the wavclength (in
vacuo) 1 at Ty and al Ty(X) respectively, and ¢, = 0,014388 m- K.

For practical details and current good practice for optical pyromelry,
see « Supplementary Information for the ITS-90».

4. Supplementary information and differcnces from earlier scales

The apparatus, methods and procedures that will serve to realize
the ITS-90 are given in « Supplementary Information for the FTS-90».
This document also gives an account of the carlier Internationai
Temperature Scales and the numerical dilferences between successive
scales that include, where practicable, mathematical functions for the
differences Ty~ Tww. A number of useful approximations to the 1TS5-90
are given in « Techniques for Approximatiag the 1TS-90» *.

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

The differences 7y — T are shown in Fig. | and Tablc VI. The
number of significant figures given in Table V1 allows smooth interpo-
lations to be made. However, the reproducibility of the 1PTS-68 is, in
many areas, subslantially worse than is implied by this number.

() The T, values of the freczing points of silver, gold and copper arc belicved 10
be sell consistent to such a degree that the substitution of any one of them in place of
onc of the other Iwo as the reference iemperature To(X) will not result in significant
differcnces in the measured values of 7.

* See Monography BIPM/1990.
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APPENDIX
The International Temperature Scale of 1927 (ITS-27)

The International Temperature Scale of 1927 was adopted by the
seventh Conférence Générale des Poids et Mesures to overcome the
practical difficultics of the dircct realization of thermodynamic tempe-
ratures by gas thermometry, and as a universally acceptable replacement
for the differing existing national temperature scales. The ITS-27 was
formulated so as to allow measurements of tcmperature o be made
preciscly and reproducibly, with as close an approximation to thermo-
dynamic temperatures as could be deiermined at that time. Belween the
oxygen boiling point and the gold freezing point it was bascd upon a
number of reproducible temperatures, or fixed points, to which numerical
values were assigned, and two standard interpolating instruments. Each
of these interpolating instruments was calibrated at several of the fixed
points, this giving the constants for the interpolating formula in the
appropriale tempcraturc range. A platinum resistance thermomeler wis
used for the lower part and a platinum rhodium/platinum thermocouple
for temperatures above 660 °C. For the region above the gold freezing
point, lemperatures were defined in terms of the Wien radiation law :
in practice, this invariably resulted in the selection of an oplical
pyrometer as the realizing instrument.

The International Temperature Scale of 1948 (ITS-48)

The International Temperature Scale of 1948 was adopted by the
ninth Conférence Générale. Changes from the 1TS-27 were: (he lower
limit of the platinum resistance thermomelter range was changed from
= 190 °C to the defined oxygen boiling point of — 182,97 °C, and the
junction of the platinum resistance thermometer range and the
thermocouple range became the measured antimony [reczing point {(about
630°C) in place of 660°C; the silver [reezing point was defined as
being 960,8 °C instead of 960,5 °C; the gold freezing point replaced the
gold melting point (i 063 °C); the Planck radiation law replaced the
Wien law ; the value assigned to the second radiation constant became
1,438 x 1072 m K in place of 1,432 x 107 m-K : the permitted ranges
for the constants of the interpolation formulae for the standard resistance
thermometer and thermocouple were modified ; the limitation on AT for
optical pyrometry (AT < 3 x 107" m-K) was changed to the requirement
that « visible » radiation bc used.

— T4l —

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

The Tnternational Practical Temperature Scale of 1948, amended
edition of 1960, was adopled by the eleventh Conférence Générale : tlie
tenth Conlérence Généralc had already adopted the triple point of water
as the sole point defining the kelvin, the unit of thermodynamic
lempcrature. In addition to the introduction of the word « Practical »,
the modifications to the ITS-48 were : the triple point of water, defined
as being 0,01 °C, replaced the melting point of ice as the calibration
point in this region; the [reezing point of zinc, defined as being
419,505 °C, became a preferred alternative to the sulphur boiling point
(444,6 °C) as a calibration point ; the permitted ranges for the constants
of the interpolation formutae for the standard resistance thermomeler
and the thermocouple were further modified ; the restriction to « visible »
radiation for optical pyrometry was removed.

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

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

In 1968 the Comité International des Poids ¢t Mesures promulgated
the International Practical Temperature Scale of 1968, having been
empowered (o do so by the thirteenth Conlférence Générale of 1967-
1968. The IPTS-68 incorporated very extensive changes from the IPTS-
48. These included numerical changes, designed to bring it more nearly
in accord with thermodynamic temperatures, that werc sufficiently large
to be apparent to many users, Other changes were as follows : the
lower limit of the scale was extended down to 13,81 K ; at even lower
temperatures (0,5 K to 5,2 K), the use of two helium vapour pressure
scales was recommended ; six new defining fixed points were introduced
— the triple point of equilibrium hydrogen (13,81 K), an intermediate
cquilibrium hydrogen point (17,042 K), the normal boiling point of
equilibrium hydrogen (20,28 K), the boiling poiat of neon (27,102 K),
the triple point of oxygen (54,361 K), and the [reezing point of tin
(2319681 *C) which became a permitted alternative to the boiling point
of waler; the boiling point of sulphur was deleted ; the values assigned
to four fixed points were changed — the boiling point of oxygen
(90,188 K), the frcezing point of zinc (419,58 *C), the freezing point of
silver (961,93°C), and the freczing point of gold (106443 *C); the
interpolating formulae for the resistance thermomeler range became
much more complex; the value assigned to the second radiation
constant ¢, became 1,4388 x 107 m-K; the permiticd ranges of the
constants for the interpolation formulae for the resistance thermometer
and thermocouple were again modified.
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The International Practical Temperature Scale of 1968 {Amended Edition
of 1975) (IPTS-68)

The Intcrnational Practical Temperature Scale of 1968, amended
edition of 1975, was adopted by the ffteenth Conférence Générale in
1975. As was the case for the IPTS-48 with respect to the 1TS-48, the
IPTS-68(75) introduced no numerical changes. Most of the extensive
textual changes were intended only to clarify and simplify its use. More
substantive changes were: the oxygen point was dcfined as the
condensation point rather than the boiling point ; the triple point of
argon (83,798 K) was introduced as a permitted alternative to the

. condensation point of oxygen; new values of the isotopic compaosition-

of naturally occurring neon were adopted ; the recommendation to usc
values of T given by the 1958 *He and 1962 'He vapour-pressure scales
was rescinded.

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

The 1976 Provisional 0,5 K to 30 K Temperature Scaic was introduced
to mect two important requirements : these were (o provide means of
substantially reducing the errors (with respect to corresponding ther-
modynamic values) below 27 K that were then known to exist in the
IPTS-68 and throughout the temperature ranges of the “He and ‘He
vapour pressure scales of 1958 and 1962 respectively, and to bridge the
gap between 52K and 13,81 K in which there had not previously been
an inlcrnational scale. Other objectives in devising the EPT-76 were
«that it should be thermodynamically smooth, that it should be
conlinuous with the IPTS-68 at 27,1 K, and that is should agree with
thermodynamic temperature T as closely as these two conditions allow ».
in contrast with the IPTS-68, and to ensure its rapid adoption, several
methods of realizing the EPT-76 were approved. These included : using
a thermodynamic interpolation instrument and one or more of cleven
assigned refcrence points ; taking differences from the 11P1S-68 above
1381 K ; taking differences from helium vapour pressure scales below
SK; and taking differences from certain well-established laboratory
scales. Because there was a certain « lack of internal consistency » il
was admitted that «slight ambiguities between realizations » might be
mtroduced. However the advantages gained by adopting the EPT-76 as
a working scale until such time as the IPTS-68 should be revised and
extended were considered to outweigh the disadvantages.

=

=

T

T T TR N T







