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CHAPTER 1.

INTRODUCTION.

7)

11

As long as there is no simple direct way for measuring ther­
modynamic temperatures it will be necessary to define internation­
al temperature scales for use in science and industry. Such scales 
define practical temperatures which are close to the thermodyna­
mic temperature and relatively easy to measure.

During the last decade a considerable amount of work has 
been done in several laboratories for establishing a new practical, 
temperature scale between 0.5 K and 30 K. The new scale was 
in principle adopted by the International Committee of Weights 
and Measures in 1976 under the name "1976 Provisional 0.5 K to 
30 K Temperature Scale" or "EPT-76"1). The final text of the 
scale was published under the auspices of the Advisory Committee 
for Thermometry2) in 19783’4). In Fig. 1.1 differences are shown 
between the EPT-76 and older international practical scales (the 
1958 4He Scale 6), the 1962 3He Scale6) and the International 
Practical Temperature Scale of 19687 ) ).

This thesis deals with experimental work which was done 
during the last four years in the thermometry group of the 
Kamerlingh Onnes Laboratory for the derivation of the new tempe­
rature scale and for its realization in the laboratory. For easy 
reference the complete English text of the scale is given in the 
Appendix at the end of the thesis.

1.1. INTERNATIONAL PRACTICAL TEMPERATURE SCALES.



Fig. 1.1.
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1.2. DERIVATION OF THE EPT-76.

12

8
4

1

A detailed account of the derivation of the EPT-76 is given 
Only a short description of the background of the scale

id.E
Differences between 

the EPT-76 (Tc) and 
older international 
practical temperature 

scales between 0.5 K 

and 30 K (Tsg, Tg2 

and T6S) .

in ref.8. 
will be given here.

Between about 1964 and 1974 a number of low temperature 
scales was established in various laboratories. Among these were 
the "NBS ProvisionaTTemperature Scale 2-20 K of 1965 (NBS 2-20 

91 scale)" based on an acoustic thermometer by Plumb and Cataland 
and the magnetic scales of Cetas and Swenson at Iowa State Uni­
versity^), Van Rijn at the Kamerlingh Onnes Laboratory11), Cetas 
at the National Measurement Laboratory in Sydney and Astrov at 
the Institute for Physico-Technical and Radiotechnical Measure­
ments in Moscow (see ref. 8 and Appendix). In order to avoid a 
proliferation of scales, plans were made12) for a generally ac­
cepted low temperature scale and, as a first step, an internation­
al comparison of scales was organized: each laboratory which had 
established a scale sent calibrated germanium thermometers to the 
National Measurement Laboratory in Sydney where they were inter- 

.13) compared
One of the results obtained from the comparisons was that the

,T68

v62
\JS8
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Fig. 1.2. Relation of the EPT-76 to the magnetic
T%Ac,-scale, NPL-75 gas thermometer scale
and noise thermometer data of Klein et al. (o). 
Also the older international scales I’gg
and Tgfj) are indicated.

magnetic scales, when reduced to the same reference points, agreed 
8 13)within 1 mK ’ Because of this consistency between magnetic 

scales, one of them, the TXAc,-scale, was chosen as the basis for 
the new international scale. The TXA(_,-scale was chosen because it 
was defined in a wider temperature range than the other magnetic 
scales and, more important, because it was at its lower end based 
on cerium magnesium nitrate for which the deviation from Curie's 
law is small and well-known. It was, however, decided later that 
the new scale should join smoothly with the IPTS-68 at 27.1 K (the 
boiling point of neon); therefore a slight correction, aT =
- 2.5 x IO"6 T2/K, was added to TXA , (see Fig. 1.2).

After these scale comparisons the results became available 
of two experiments with primary thermometers: Isotherm and gas 
thermometer measurements of Berry^) at the National Physical La-

NPL-75



1.3. SUMMARY OF CONTENTS.
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1

In Chapter 2 measurements with germanium and rhodium-iron re­
sistance thermometers are described. These thermometers are the 
main carriers of the various laboratory scales mentioned in the 
proceeding section: The NBS 2-20 scale and the five magnetic 
scales between 1 K and 30 K were all maintained with calibrated 
germanium thermometers. The NPL-75 scale and the Txl-scale are 
maintained with rhodium-iron thermometers. At the end of Chapter 2

boratory in Teddington resulted in the NPL-75 scale between 2.6 K 
and 27.1 K. Klein, Klempt and Storm^) at the University of 
Munster determined with a modified classical noise thermometer 
temperature differences Tn . - Tgg at six temperatures between
2.1 K and 4.2 K. At temperatures between 2.6 K and 4.2 K the noise 
thermometer data agreed with the NPL-75 scale within 0.4 mK (see 
Fig. 1.2). The difference between the NPL-75 scale and T?g, as 
defined by the relation T^g = TxAc' ' x 10~6 appeared to 
be a very smooth function of the temperature (see Fig. 1.2). (If 
the calibration constants for the magnetic Tx^c,-scale would be 
changed slightly the magnetic scale would agree with the NPL-75 
scale within the precision of the measurements, see ref. 8).

A new magnetic thermometer experiment, with cerium magnesium 
nitrate as the paramagnetic salt, was made by Rusby and Swenson^) 
at the National Physical Laboratory. The magnetic data could be 
fitted to the NPL-75 scale between 2.6 K and 3.1 K, and to the 
T XIS U 7 5 " s c a e (wtl'’ch was an improved version of the TxAc'”scale^ 
between 1.3 Kand 3.1 K, to within 0.2 mK. A magnetic temperature 
scale between 0.5 K and 2.6 K derived from this experiment (and 
named T^-scale) was used, together with the calculated vapour 
pressure relation for ^He, for deriving the EPT-76 below 2.6 K®\ 
(The temperature scales which are used in this thesis are listed 
in Table 1.1).



Table 1.1. List of temperature scales used in this thesis.

Scale and range Temperature Description

4

3
T62

TXAc'

K)

15

EPT-76 
(0.5 K - 30 K)

magnetic scale (X is mutual inductance 
fitted to acoustic ther- 
slightly adjusted there-

^chelle ^rovisoire de Tempera­
ture de 1976 entre 0,5 K et 30 K

NPL-75 scale 
(2.6 K - 27.1

I PTS-68 
(above 13.81 K)

International practical Temper­
ature Scale of 1968; reference 
temperatures and platinum resis­
tance thermometer?5

NPL gas thermometer scale 
(Berry)145

T (Ill)-scale mK '
(2 K - 30 K)

cerium magnesium nitrate (CMN), manganese ammonium 
sulphate (MAS) and gadolinium sulphate (GS). In TxAc’ subscript

Tx j-sea 1 e 
(0.5 K - 2.6 K)

NPL magnetic temperature scale*** 
(Rusby, Swenson, 1976-79)165

1962 JHe Scale 
(0.5 K - 3.3 K)

1958 "*He scale 
(1 K - 5.2 K)

TXAc'"Scale 
(0.9 K - 30 K)

T( 111) mx '

T68

T58

KOL magnetic temperature scale** 
(Van Rijn, 1971)115

TNPL-75

TX1

Based on

3 He vapour pressure vs temper­
ature equation5)

4 He vapour pressure vs temper­
ature table5)

T76

ISO magnetic temperature scale* 
(Cetas, Swenson, 1972-73)105

X denotes that it is a 
bridge reading), Ac that the scale was 
mometer data^), and the dash that it was 
after (ISU: Iowa State University).** Based on MAS and GS.
***Based on CMN. Two magnetic temperatures were defined T^i and 

Tx2 (see section 4.4) (NPL: National Physical Laboratory, 
Teddington, England).
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MEASUREMENTS WITH GERMANIUM AND RHODIUM-IRON RESISTANCE THERMO­
METERS BETWEEN 0.5 K AND 30 K.

that certain 
copper capsule

The use of a rhodium-iron alloy as the sensitive element in 
a resistance thermometer was first suggested by Coles5\ The ther­
mometer was developed by Rusby6,7,8) at the National Physical 
Laboratory (NPL) in Teddington and is now commercially available

2.1. INTRODUCTION.

2.1.1. Germanium and rhodium-iron resistance thermometers.

After Kunzler et al. demonstrated in 19611 
doped germanium crystals mounted strainfree in a 
could be used as sensitive stable thermometers, germanium thermo­
meters soon became available from several manufacturers and were 
widely used in standards thermometry below 30 K and in practical 
temperature measurements below 100 K.

However, as experience with many germanium thermometers was 
obtained, it appeared that small changes sometimes occur in their 
calibrations when the thermometers are cycled between room temper­
ature and low temperatures8,8’^. These changes, of the order of 
0.5 mK at 4.2 K to 3 mK at 30 K make the thermometers unsuitable 
for use in standards thermometry and other temperature measure­
ments of the highest accuracy (e.g. in comparisons of temperature 
scales or of realizations of thermometric reference points in 
which a 0.1 mK accuracy is nowadays desirable, see Chapters 3 and 
4).



2.1.2. Resistance thermometers used in the thermometry group.

* I . I
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See Table 
thesis.

for a list of temperature scales used in this

from H. Tinsley & Co. Ltd, London. A RhFe-wire is encapsulated 
in a thin-walled cylindrical platinum tube, 5 mm in diameter and 450 mm in length, filled with He gas of a pressure of about 30 
kPa at room temperature, the leads being brought out through 
glass seals. RhFe-thermometers have been used by at least three

9 4 10 1 thermometry groups ’ ’ ' and their calibrationshave been found
to be stable, between 0.5 K and 30 K, within the measurement pre­
cision of 0.1 mK. This makes that RhFe-thermometers are rapidly 
replacing germanium thermometers in standards thermometry. For 
many practical temperature measurements, however, the larger 
size, lower resistance and lower sensitivity of RhFe-thermome­
ters compared to germanium thermometers are real disadvantages.

In the thermometry group at KOL germanium thermometers were 
used by Van Rijn et al. in establishing a magnetic temperature 
scale between 2 K and 30 K2’11). The magnetic scale was maintain­
ed in terms of calibrated germanium thermometers, in particular 
by the average of four germanium thermometers which had proved 
to be stable within t 1 mK between 2 K and 30 K.

These four thermometers were included in 1974-1976 in the 
international comparison of low temperature scales at the Nation­
al Measurement Laboratory in Sydney by Besley and Kemp^2^ (see 
Chapter 1) and are referred to as the four international germa-, 
nium thermometers. Since this comparison these thermometers 
carried also ca 1 i bra ti ons i n terms of the TXAc ,-seal e ,- the magne­
tic temperature scale of Cetas and Swenson, which later became 
the basis of the 1976 Provisional 0.5 K to 30 K Temperature 
Scale (EPT-76)* .

Two RhFe-thermometers, calibrated by R.L. Rusby at .the Na-



2.1.3. Summary of contents.
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In section 2.2 resistance versus temperature characteristics 
of germanium and rhodium-iron thermometers are given.

Section 2.3 deals with the experimental arrangement for 
thermometer comparisons: the resistance measuring equipment is 
discussed in section 2.3.1 with emphasis on the requirements that 
had to be met in the change-over from germanium to RhFe-thermo- 
meters; the cryogenic apparatus used for thermometer comparisons 
is decribed in section 2.3.2 (the apparatus described in this 
section was also used in the measurements presented in Chapters 
3 and 4) .

9) tional Physical Laboratory on the NPL-75 gas thermometer scale 
between 2.6 K and 27.1 K and on the NPL magnetic CMN scale (the 
Txseale)10between 0.5 K and 2.6 K, were obtained in 1976. 
Two other RhFe-thermometers of an older type, which had been ob­
tained uncalibrated, were calibrated against the first two. The 
four international germanium thermometers were compared with the 
RhFe-thermometers i n 1976-1977 . Since that time the RhFe-thermo- 
meters are the primary carriers of the various temperature 
scales in our group.

The consistency of the scales maintained by the resistance 
thermometers was checked on various occasions by comparisons 
with platinum resistance thermometers calibrated at the refe­
rence points of the IPTS-68 and, at the lower temperatures, by 
measuring the superconductive transition temperatures of Pb, In, 
Al, Zn and Cd (Chapter 3) and helium vapour pressures (Chapter 4). 

Since Van Rijn's measurements, about sixty germanium ther­
mometers were calibrated; some of these were used in the ther­
mometry group but most of them were supplied to other groups in 
the laboratory and at other institutes in The Netherlands. For 
about fifteen of the thermometers a history of their stabilities 
over time intervals up to twenty years is available.



2.2.1. Germanium resistance thermometers.
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Experimental data on the self-heating and on the reproduci­
bilities of germanium and RhFe-thermometers are given in sections 
2.4 and 2.5.

In section 2.6 experimental results are presented on the 
comparison of the temperature scales carried by the germanium 
thermometers with the scale carried by the RhFe-thermometers.

2.2. RESISTANCE VERSUS TEMPERATURE CHARACTERISTICS OF THE THERMO­
METERS.

The thermometers were almost exclusively obtained from Cryo- 
Cal Inc., St. Paul, U.S.A. In Fig. 2.1 resistances of CryoCai 
thermometers types CR 1000, CR 250, CR 100, CR 50 and CR 30 are 
shown between 0.5 K and 30 K (the type numbers give nominal re­
sistances at 4.2 K). In Fig. 2.2 the sensitivity of a type CR 250 
thermometer is shown.

The choice of the type of thermometer depends on the temper­
ature range for which it has to be used. In general, it is advan­
tageous to use a thermometer with a high resistance because, for 
a constant voltage over the thermometer, the energy dissipation 
in the thermometer is inversely proportional to its resistance. 
Moreover, a thermometer with a higher resistance has a higher 
sensitivity (see Fig. 2.1). Resistances should, however, not much 
exceed a value of about 10 kfi in order to avoid loss of sensiti­
vity of the electronic amplifier in the potentiometer circuit 
(see section 2.3) and difficulties with insulation resistances. 
Type CR 1000 is the most suitable for temperatures between about 
100 K and 1.5 K. For measurements at temperatures down to 0.5 K 
type CR 250 is more suitable.
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Fig. 2.2.
Sensitivities d In R/d In T and 
(!/R)dR/dT versus temperature 

for a germanium thermometer 

type CR 250.

a:

In Table 2.1 characteristics are given
CR 1000 germanium thermometers. The data for the self-heating are 
taken from section 2.4.1. It can be seen that the accuracy in the 
resistance measurements that is required for a 0.1 mK accuracy in 
the temperature measurements varies from 650 ppm at 0.5 K to 4 
ppm at 30 K for a type CR 250 thermometer and from 600 ppm at 1 K 
to 8 ppm at 30 K for a type CR 1000 thermometer. In case meas­
uring currents are used which produce a self-heating of 0.05 mK,

Fig. 2.1.
Resistances of germanium 
thermometers types Cryo- 
Cal CR 1000, CR 250, CR 

100, CR 50 and CR 30 ver­
sus temperature.

io1 
1O~1

50 \

*-|Q: 
0 o 

30 ”

CR1000

CR250

CR100

CR50'

CR 30'



T R P 1 V
(K) (n) (pA) (mV)(nW)

type CR 250

type CR 1000

23

1
2
5

10
20
30

0.5
1
2
5

10
20
30

30000
5000
760
160
44
25

18300
2700
680
160
54
23
15

180000
11000

560
56
5
2

119000
6200
560
53
8
1.2
0.6

6.0
2.1
0.74
0.35
0.12
0.08

6.5
2.3
0.85
0.32
0.15
0.052
0.035

3.0
6.3

14
26
45
56

1.3
3.0
6.3

14
26
45
56

0.27
1.1
3.1
9.4

22
45
60

0.33
1.1
4.3

13
32
47

10
5.5
3.3
2.1
1.4
1.2

4.9
3.0
2.1
1.5
1.2
1.0
0.9

3.2
0.7
0.18
0.05
0.018
0.005
0.003

6
1.2
0.26
0.07
0.017
0.010

dV
<JT

(MV/0.1 mK)

1 dR
' U BT
(K'1)

Table 2.1. Approximate values of resistances and sensitivities 
dR/dT and (-^) dR/dT for germanium thermometers. P is 

the power dissipated by a measuring current corre­
sponding to a self-heating of 0.05 mK; i and V are 
the corresponding measuring current and voltage 
across the thermometer. The last column gives the 
corresponding voltage sensitivity of the thermometer.

dR
’ dT

(nK-1)



2.2.2. Rhodium-iron resistance thermometers.

0°C

24

2.3. Resistance R and sensitivity 

(1/R)dR/dT for a rhodium-iron 

thermometer (B.„„ = 100 a).

In Fig. 2.3 the resistance and the sensitivity of a RhFe- 
thermometer are shown between 0.5 K and 30 K. The data are for a 
thermometer of the common type having an ice-point resistance of 
100 0. Further characteristics of the thermometer are given in 
Table 2.2 (self-heating data are taken from section 2.5.1).

It follows from the table that for a 0.1 mK accuracy in the 
temperature measurements an accuracy of 14 ppm in the resistance

the precision in the voltage measurements required for a 0.1 mK 
precision in the temperature measurements varies from 3yV at 0.5 
K to 3 nV at 30 K for a type OR 250 thermometer and from 6 yV at 
1 K to 10 nV at 30 K for a type CR 1000 thermometer. Thus, if 
type CR 250 thermometers are used at the lower temperatures and 
type CR 1000 at the higher temperatures, an accuracy in the resis­
tance measurements between 650 ppm (at 0.5 K) and 8 ppm (at 30 K) 
and a precision in the voltage measurements between 3 yV and 10 
nV are required for a 0.1 mK accuracy in the temperature measure­
ments.

«/f

20



Table 2.2.

T R i VP
(K) (n) ) (yw) (mA) (mV)

25

0.5
1
2
5'

10
20
30

4.6
4.9
5.5
7.0
8.7
10.8
12.2

0.65
0.60
0.57
0.43
0.28
0.16
0.13

0. 14
0.12
0.10
0.061
0.032
0.015
0.011

0.031
0.5
0.12
0.33
0.52
0.75
0.89

0.08
0.3
0.15
0.22
0.24
0.26
0.27

0.37
1.5
0.83
1.5
2.1
2.8
3.3

dV
dT

(nV/0.1 mK)

5
18
8
9
7
4.2
3.6

measurements is required at 0.5 K and 1 ppm at 30 K. For measuring 
currents, which produce a self-heating of 0.05 mK, the precision 
in the voltage measurements corresponding to 0.1 mK in the temper­
ature measurements is 5 nV at 0.5 K and 4 nV at 30 K. (For RhFe- 
thermometers with an ice-point resistance of 50 n (our thermome­
ters RhFe-3 and RhFe-4) the corresponding figures are 3 nV at 0.5 
K and 2 nV at 30 K).

dRHT
(nK“1

Resistances and sensitivities dR/dT and (-^) dR/dT for 

a rhodium-iron thermometer (R(O° C) 100 £1). P is the 

power dissipated by a measuring current corresponding 
to a self-heating of 0.05 mK; i and V are the corre­
sponding measuring current and voltage across the 
thermometer. The last column gives the corresponding 
voltage sensitivity of the thermometer.

1 dRR dT
(K'1)



2.3. EXPERIMENTAL ARRANGEMENT.

2.3.1. The resistance measurements.
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Resistances were measured by using a de current through a num­
ber of thermometers in series with a standard resistance and by 
comparing the voltages over the thermometers and the standard re­
sistance with a classical potentiometer. Thermal EMF's were can­
celled in the usual way by measuring in two directions of the 
thermometer and potentiometer currents. In general, three circuits 
were used, one for the RhFe-thermometers , one for the high resis­
tance germanium thermometers and one for the low resistance ger­
manium thermometers.

A four dial potentiometer was used developed by Dr. H. van 
Dijk and constructed by Bleeker Company in Zeist (The Netherlands); 
the first, second, third and fourth dial have 20, 100, 100 and ± 10 
steps, respectively, so that a precision of 1 ppm could be ob­
tained in the setting of the potentiometer (if the first dial was 
on step 10 or higher). However, in practice, only the first two 
dials of the potentiometer were used for compensating voltages to 
within about 0.1 %; the unbalance of the potentiometer was then meas­
ured with a Keithley 140 de amplifier and a digital voltmeter. A 
low-pass filter with variable rise time was used at the input of 
the ampli fi er.

The Keithley amplifier has a maximum amplification factor of 
and is linear to within 10 ppm of the full scale. At a rise 

time of about 5 seconds, the detection sensitivity of the system 
was about 3 nV if the external resistance in the input circuit 
did not exceed about 100 n. For higher external resistances, the 
detection sensitivity decreased to about 0.01 pV at 1 kn and 0.1 
yV at 10 kn. (The external resistance is mainly determined by the 
resistance of the thermometer, the potentiometer output resistance

105



27

being only 35 fi).
Ordinary lead batteries were used as the thermometer and 

potentiometer current sources. An attempt to use an electronic 
power supply was not successful due to electrical interference 
with the Keithley amplifier. However, when using the batteries, 
care had to be taken that the currents were not interrupted du­
ring current reversals. (If currents were interrupted it. took 
more than one minute before they reached stable values within 1 
ppm) .

For germanium thermometers, the detection sensitivities men­
tioned above were sufficient for obtaining a precision in the 
temperature measurements, using currents corresponding to a self­
heating of 0.05 mK, which ranged from 0.01 mK at 0.5 K to 0.1 mK 
at 30 K (see data in Table 2.1). However, at high resistances of 
the germanium thermometers, stray rf-fields caused voltages 
of the order of 15 mV across the potential leads which affected 
the detection sensitivity of the amplifier and heated the ther­
mometers and the copper block in which the thermometers were 
mounted. A 0.01 pF capacitor across the potential leads, where 
they enter the potentiometer, sufficiently suppressed rf pick-up.

For the RhFe-thermometers of the common type (R(0° C) * 
100 si) the detection sensitivity was sufficient for obtaining a 
0.05 mK to 0.1 mK precision in the temperature measurements be­
tween 0.5 K and 30 K for currents which caused a self-heating of 
0.05 mK (compare data in Table 2.2). (Even for the RhFe-thermo­
meters of the older type, with R(0° C) « 50 SI, it was possible 
to obtain a 0.1 mK precision, corresponding to 2 nV, by averaging 
several measurements). For obtaining a 0.1 mK accuracy in the 
temperature measurements at 30 K with RhFe-thermometers, a 1 ppm 
accuracy in the resistance measurements is required. Resistance 
ratio's could be measured with this accuracy (provided that the 
resistances did not differ by more than a factor of two). The 
determining factor for the accuracy is the linearity of the po-




