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SUMMARY

Apperatus and methode are described for tempereture
meesurenents with five platinum resistors of differing purity in the
ranges 140 to 2 2°K and 54° to 90°K,

Results are analysed together with ell results of
aveilsble published work in order to find & calibretion procedure
which will provide & simple and precise temperature scales

This aim can be atteined between 90° and 20°K in
terme of & Standerd Platinum Scale (SPS) such as that recently
ublished in Proces=Verbsux des Seances du Comite~Internationale
des Poids et Mesures (1954, Vol.24, peT1l42/143), Given calibrations
at the normel boiling points of oxygen (90,199K) end neon (27,070)
and pletinum so pure that its & exceeds 0,003920, this scele (Yiy)
can be reproduced between these tempereatures to within a few
millidegrees using the so-celled Cragoe function in the form
Yy = (wp - 127.07)/1150.19 - 127.07). Between 27,07° and 20427°
a third celibration point at the normel boiling temperature of
equilibrium hydrogen, deviations from Y& can be mede linear to
within at most two millidegrees, provided the pletinum is so
pure that its 4. exceeds 0,003925, However, these reproducibilities
cen be attained only provided the ratio /w4 3 (or possibly
'20,27/990.19) of each calibrated thermometer fells within
definite limits which can probably be realised for s majority

of thermometerse



It is concluded that the SP8B is sufficiently easily
and accurately reproduc;ble to justify its use for the extension

of the ITS down to 20°Ke
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(i) The Thermodynsmic Temperuture Scales= A temperature scale cen
e defined with reference to eny property of a substence which is =
function of the temperature, However, scales besed on different ther-
mometric properties or even on the same property of substances differing
only in their degree of chemicel purity or physicel imperfections will
in general differ by an emount which cen be determined only by exe
periment (see e.g. Zemansky 1956, p.8)e This effect will be the more
pronounced the greater the impurity contribution to the overall
megnitude of the property under investigetione ®r instence, the con-
tribution by residual impuritiee to the resistance of highly pure
platinum is less then 1 part in 10* near 200C but between 1 and 2

parts in 101 near 20°K so that when the resistance of pletinum is used
as the thermometric property even very small differences in purity
which are virtually insignificent near room temperature may have far
from insignificent effects below 209K,

It is then obvious that no thermometric substence offers a
real ly satisfactory basis for the establishment of & temperature scale
and once this was recognised, efforts were made to attack this problem
in a different manner end to establish g temp;ratura scale 80 selacted
thet it would be independent of the thermometric substence, Such a
gcale is now known as fhe Thermodynaric Scale end all temperatures with
only a few exceptions ultimately are numbered with reference to this
scalee

For the region extending epproximately from 19 to 1400°K
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the Thermodynemic Scale is established with reference to the pro=
perties of a so=called ideal gas, 1.0, & gas satisfying the equation

of gtate

E%! = congtant

where P is the pressure the gas exerts, V its volume and T its
temperature on the Thermodynamic Scale, Although no real gas obeys
this equation gtrictly, low boiling point elemental gases and
especially nitrogen, hydrogen and helium deviate from it only by
small and readily calculable gmounts provided their pressures are
sufficiently low. Hence, thermometers containing one of these gases
as working substance (for temperatures much below 90°K this will have
to be helium) can be used to obtain the Thermodynamic Scale (see 0.ge

Keyes 1941),

(ii) The International Temperature Scale.=~ Since gas thermoumetry is
experimentally difficult and extremely cumbersome, there is no
alternative in practice to the use of the more convenient thermometric
properties of solid materialss To limit the consequences of their
imperfections, instruments and methods of temperature measursments
are rigidly circumscribed in an internationsl agreement defining the
so-callad Internationel Temperature Scale (ITS), With only a few
smendments this scale has served as the temperature standard for the
range from the normal boiling point of oxygen ( -182.97°C) upwards,

since it was approved by the Seventh General Conference of Weights
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and Meamsurses in 1927,
The principal objectives aimed at in setting up the ITS are
then twofolds (&) it is to be conveniently and accurately reproducible,
thereby meking it possible to specify temperatures to within rmch
closer limits of accuracy than on the Thermodynamic Scele and (b)
it is to agree with the Thermodynamic Scale as closely as possible
in the state of available knowledgee. A brief reference to the extent
to which these objectives are realised is included in Part IV of the
ITS 1948,
From 630° down to ~l83°C the International Temperature Scale
is defined 5? fwo equations connecting the temperature with the re-

sistance of & platinum wires The first of these equations

Ry = Ry (1+At+Bt%) (1)
covers the range from 0° to 630° and is commonly used in the form
given by Callendar

t t -« 100

t -0 = § (=)o ) (=)
100 100

where O is the platinum temperature and is defined by

3 The ITS was first published in Trave Bur. Int, Poids Mes.Vol,
18, 1930, while the amended versions were published in the C.I.P.M,
Proces~Verbaux des Seances, Vol,21, 1948, and Vol, 24, 1954, An
English translation of the 1948 version of the Scale was prepared
by Mr. A, F, A, Harper and publighed in 1950 by the Division of
Physics, National Standards Leboratory, Sydney.
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8 = (R, «R)) /&R, andol =(R ) =Rg)/ 100R; »

The three constants (R,, 4, B or Ry o, J ) are determined by

thermometer calibrations at the freezing and boiling points of

water (0° and 100°C) and the boiling point of sulphur (444,6°C)e
Below o°c, continued agreement between the platinum scale

and the Thermodynamic Scale can be secured only if equations (1)

and (2) are modified as suggested by Van Dusen (1925) so that

Rt = Bo[ 1+ At + Btz + C (t-100) ta] (3)'
or
t  $-100 t ¥ t-100
t =0 = (—)(—=——) % (=) (—) (4)
100 100 100 100

This necessitates a four point calibration of the thermometer,

the additional point being the boiling point of oxygen (=182,970°C)e
It is further required that the constant <. which is

generally the higher the purer the platinum wire (Van Dijk showed

in 1952 that for ideaily'pure platinum it should be near 0.003928),

mist be at least 0.003910 (prior to 1948 this ninimn was 0,00390),

while J should be between 1,488 and 1,498 and 0,5852 & = f

should lis between 0,7656 and 0,7598,

(1ii) The Problem and the Programe~ Although J is measured near
440°C (2) gives satisfactory results up to 630°C and even higher
(Moser 1930, Piliptchouk 1954), Ageinst this (4) ceases to be
useful only a degree or two below the oxygen point (see Part IV,

Section 3 of the ITS 1948) and this becsuse d°R/dt° for pletinum
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changes sign in this temperature region (see Table 1), The
temperature of the inversion point is not sharply defined and

depends on the purity of the wiree

TABLE 1, Inversion Temperatures for dR/dt of Pletinum
a8 a Function of its Puritye

Purity Inversion
in terms of Temperature Reference
N (=pprox, )
0.,003907 - 188° € Henning & Otto
19368
3917 186 Hoge & Brickwedde
1939
3926 18545 los & Morrison
1951

Neverthelsss, platinum thermometry has been extensively
employed below ~183°C partly because equipment and techniques of
measurements are readily available and known, snd also because of
the well established temperature stability of the platinum
thermometer (Barber 1954, McLaren 1957) for stability obviously
is a basic requirement for standerd work, However, currently
used calibration methods below 90°K are much more cumbersome and
arbitrary then ITS calibration methods and there has long been a
firm conviction that it would be & decided step forward if these

latter methods could be extended. Numerous attempts have been made,
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of course, to achieve this aim but eso far none of the resulting
recommendations has proved generally acceptables

This problem is here re-investigeted but from & more
favoureble position for firstly, the ges thermometric calibration
of a thermometer made from very pure platinum igs now seileble
(Chambre Centrele des Mesures 1954) and -secondly, it ie now
realised that the calibration of a pletinum thermometer at the normal
boiling point of helium (4.,29K) cen give valueble information ebout
its behaviour et and above liquid hycdrogen temperaturese

The resistance ~ temperature (R<T) relationship of platinum
will ba investigeted near 4°K and from ebout 14° to 9Q°Ke The
14% mark is generally chosen as the lower limit for platinum ree
sistence thermometry, for very close to 14° (at 13,819K) ends &
convenient calibration range based on the vepour pressure = teme
pereture relationship of Riquid equilibrium hydrogen (Woolley, Scott
and Brickwedde 1948) and in any case below 14°K the velue o dR/dT fox
platinum soon becomes so small (see Fige,l) that for the purpose
of precision thermometry other thermometers should prove pres
ferable (Scott 1955)e

The eccount of the work begins with dprief reference to
the cleims of thermometers other than the platinum resistence
thermometer to serve as temperature standerd in the range of
interest, Next some aspecte of the conducti on of electricity

through metals are considered and this is followed by a review
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Figure 1o dR/AT for Platinum as a function of temperaturee

of earlier attempts to discover a sufficiently simple and accurate
relationship connecting the resistance of platinum with its
temperature, The experimental part of the work consists of weasure-
ments on platinum resistors of differing purity in the ranges 14°

to 20° and 54° to 90°K, Apparstus and procedure for these experiment*
are described and the results are listed and discussed, Finally,
these results ars correlated with as many of the published

results as possible followed by recommendations concerning

methods which may prove useful for the extension of the ITS below



90°K,

It must still be emphasised thet the work here undertaken
cen be justified even without reference to the ITS for as long as the
platinum thermometer remains, as it is at present, a widely used
instrument for the measurement of temperatures below 90°K, the
accurmlation of further knowledge concerning the R « T relationship
of platinum samples of differing purity must be of considerable
importance to standard thermometry regardless of other considerations,
Furthermore, such additional knowledge is also of interest to solid

state physicse



II, OTHER LOW TEMPERATURE THERMOMETERS.

Whils pletinum thermometry was as yet relatively undeveloped,
low temperature scales were established first by Giauque, Buffington
snd Schulze (1927) in California and then by Aston, Willihngenz,
and Messerly (1935) in Pennsylvania by comparing copper-constantan
thermocouples with the hydrogen and helium gas thermometers The
Scales extended to about 12°K and the optimum estimate of re-
producibility in the liquid hydrogen range was * 0,05° which in
this region corresponds to an e.m.fe of less than O.IVMY in about
6000 AV (see also Aston 1941). Thermocouples wers then favoursed
on account of the small size and heat capacity of the junctions,
Their relative advantage in this regard has been largely removed,
however, since the development of the coiled coil platinum ther=-
mometer (Meyers 1932) enclosed in & platinum capsule (Southard and
Milner 1933), This coil and the capsule are illustrated in Fige 9
below,

The Pennsylvenia Scele is now sbout to be replaced by a
platinum resistance scale (Aston and Moessen 1953 ), On the other
hand, Dauphinee, MacDonald and Pearson (1953) have developed copper
ve dilute copper alloy thermocouples with promising properties for
work in the region 2° to 30°K but their suitability for standard

work remains to be establishede
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There have been, of course, numerous suggestions and
experiments involving the use of various types of thermometers
other than thermocouples., Some very early work was carried out on
gold resistors (Cath, Onnes and Burgers 1917) but does not seen
+o have been revived other than st temperatures well below 20°K.
After the last war, it was shown that resistors made from commercial
copper wire can be useful and fairly accurate thermometers in cases
whera sudden temperature changes cen be avoided (Dauphinee and
Pearson 1954), Other resistance materials suggested as suitable
between 14° and 90°K and claimed to be stable were germanium
(Kunzler, Geballe and Hull 1957) and indium (White and Woods 1957)’
A very different method has just been published by Benedek and
Kushida (1957) based on the temperature dependence of the pure
quedripole resonance frequency of the €135 nucleus in granuler
K C1 0;.

All these methods remain to be thoroughly tried and tested 9
especially in regard to long term stability in conditions commonly
encountered by thermometers as well ss the degree of uniformity in
the thermal behaviour exhibited by different samples obtained in
different laboratories. Taking the results as they stand, in no

case is the overall measuring sensitivity significantly better than

3 White and Woods compared their indium thermometer with platinum
thermometer T4 originally calibrated by Los and Morrison (1951).
However, White and Woods presented the calibration deta for T4 in
& convenient form and added mors low temperature data including
the resistan%e at 4,20K, Therefore, White and Wood's paper will
be referred to throughout this thesis whenever reference is meade to T4,



that obteinsble with platinum resistors while the Benedek and
Kushide thermometer suffers from the drawback of requiring highly
specialised meesuring ingtruments and techniques, Finally, the
serious handicap to which low tempereture platinum thermonetry
is still subject, nemely the absence of a sufficiently simple
and at the same time accurate celibration procedure is shared
by all other thermonmeterse

It can be concluded, therefore, that &s yet no
other instruments available are likely to replace platinum
resistors as stendard thermometers in the range 14° to 90°K
and it is with platinum resistance thermometry only that the

work combodied in this thesis has been concernede



III, REMARKS ON THE THEORY OF ELECTRICAL RESISTANCE

IN METALS AND MATTHIESSEN'S RULE.

(i) Generale= 'The resistance-temperature (R=T) relationships
(1 - 4) employed in platinum thermometry above 90°K were obtained
by empirical methods when theories about the transport of
electricity in metals were still in their infancye Although these
theorias have been advanced considerably, it has still not been
possible to develop a reliable theoretical expression for the observed
variations of resistance with temperature even in monovalent metals
(MacDonald 1956) and much less so for platinum which belongs to the
transition group although theoretical arguments can be adduced
(Baber 1937, Pines 1956) to explain results by De Hass and Le Boer
(1933), Sudovtsov and Semenenko (1956) and White and Woods (1957a)
near and below 10°K where T o< p 2, Unfortunately, dp/dT is then
also so small that platinum thermometers are no longer really
suitable for precision thermometry (see Fig.l)e

On the other hand, the mechanism producing electrical
resistance in metals is well understood at least in general terms,
Briefly, such resistance is due to disturbances of the regular
periodicity of the crystal lattice ceused by (&) thermal vibrations
or (b) chemical or physicel imperfections, These disturbances scatter
the electrons and 80 tend to reduce the current thereby balencing
the tendency of the electric field to increase the current, and

maintaining a steady state of finite conductivitye
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By essuming that scattering due to thermal vibrations and
imperfections respectively, are independent of one another et least
to a first approximation, it is at once possible to account for the
results of Matthiessen and Vogt (1864) who had shown that the ine
crsase in the resistance of a metal due to small quantities of added
impurities forming solid solutions is in general independent of

temperaturee

(i) Matthiessen's and Nernst®s Rules.- Matthiessen's ruls (M.R,)

can then be expressed by the following two equations

Py = 91'* fr (s)
: (ﬁ-) (
el - e 6
aT daT p/ ¥

Here pm is the observed resistivity at some temperature T, 9
its component due to scattering process (&) and Py due to (b)e
The former, being the only one depending on temperature, is of ten
referred to as "Ideal" resistivity, the latter as residual re=-
‘sistivity for as T— Oy p; — O and, therefore, po= Pre

In meny ceses it is not important to measure absolute
resistivity but only changes relative to the resistivity at some
chosen temperature, generally 0°C, Thus applying (5) to the
difference between the resistivities of two samples [ end 9'

respectively, both at temperature T (fi then being the ssme for each),



P2 =fr=p'r =p. = b (om)
wheors b is taken as constant for any given pair of resistorse

Consequently,

and if T= 0°C = 273°%K

® -
£2173 = @ 23 b

so that
Pr. o BEEN
273 Pi273 = ®

On dividing the rehese by p%;,, end putting b/p'z73 = n

"T -n

(7

l1-n
Equation (7) was first suggested by Nernst (1911) end is generally
known as Nernst's Rules
Nernst's Rule can, of course, be used also with reference
t0 an ideal resistor (see e.g. Meisener 1935) for it follows again

from (5) that

(g P = fr
c——, = ('i )T TRt ALl
(p3)273 p273 = Pr
and on dividing the rehese by Py, and setting ft/?273 =3
wp - 3
('1 )T S —— (8)

l =g
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Consequently, at any temperature T and for any number of re-

sistors 'l’ '20 eod00 owj

-} = constant (9)
1l -3z
J
It should be noted here that on msking the ressonable assumption

that volume changes are negligible

e R
-—— =W =

$273 3-2-7;

and this substitution is in fact generally used in resistance

(10)

thermometry and will also be used in the pressnt worke.

(1ii) Deviations from these Rules,= Tests on platinum wires (and
also, of course, with other metals, see e.gs Grimneisen 1933)

have shown all along large deviations from these equations (see
Section IV below) but notwithstanding this M,R. was believed to

be well founded for a considerable time, the change of ideas coming
about mainly as the result of the work of Sondheimer and Wilson,

In monovalent metals conduction occurg only in the S band
of elestrons and its resistivity was envisaged as & series com-
bination of the two resistivities ey and o . It was then shown
by Sondheimer (1950) that pi and fr do not simply combine
additively but that always e > 911- Prs the inequality becoming
greatest when P andfr are comparable in magnitude. Consequently
equation (1) becomes

0=+ ot A (11)
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whers A is slways positive, depends on temperature and can be
congidered as a deviation term from MeRe

The reasons for thess deviations lie in the nature of
the solution to the Bloch integral squation (Bloch 1930) governing
the slectron distribution, It may be pictured as followss electrons
of different aenergies contribute additively to the conductivity,
the main contribution coming from those within a few kT (k being
Blotzmenn's constant) above and below the Fermi energye However,
the resistance due to the scattering by lattice waves experienced
by electrons in each energy layer varies with energy so that the
overall resistivity can be represented by a network analogous to
that shown in Fige 2& where the branches refer to successive
energy layers (d!l, dlz.....dﬂj )e Clearly for such a network M.Re
would hold only if ?i(‘mj) and fr(dEj) were in constant proportione
In general, there will be a deviation ( A ) which must be de-
termined by experiment for although Sondheimer succeeded in cale
culuting A as a function of T and o., his calculated values were
in all cases smallor than the observed values (Wilson 1953, pe31l,
Krautz and Schultz 1957),

In transition metals such as platinum conduction occurs
both in the 8 and d bands which can be reprssented by two peirs of

resistors in parallel (see Fige2b) namely

€= Piot Pre = A
Pa = Piat Pra = Voa

whera oy and g7 are the respective conductivities, the total



F.gure 2,

- 17 =

p. (dE,) p. (dE,)
p, (dEj) p. (dEj)
(a) RESISTANCE TO ELECTRON FLOW IN THE
VARIOUS ENERGY LAYERS (dEi"““'m'dEj)

OF THE S-BAND,

Piq Prg
(b) ELECTRICAL RESISTANCE IN TRANSITION
METALS (TWO BAND MODEL) AFTER
SONDHEIMER & WILSON (1947). A
DIAGRAM BASED ON THE VALIDITY OF
MATTHIESSEN’S RULE WOULD SHOW
POINTS A, B CONNECTED.

Electricel Resistence in Metalse

conductivity o* being given by

o':rs'fa"d

Un the other hand, for MeRe to be velid the analogous circuit

would require a connection from point A to B for then

Pis * Pid + Pre o f_x:g
Pit + Pid Prs t+ Prd

S8ince the total resistence of the network as shown in Figure Zb

cannot be smaller than that when points A, B are connected,

deviations from M.R. must egain be poeitive end this even before

considering the mechenism discussed above (Fige2a)y which must



increase A still further, It is then evident that M,R. cennot
hold for the network shown in Fige 2b and this even in cases where
it holds for each branch separately for it is not possible to
express @ &8 the sum of s and Pr such that fs depends only on
Pig and p; 4 end Pr depends only on p . end o, (Sondheimer and
Wilson 1947),

Later Wileon (1953, pe312) pointed out that for low
temperatures the deviation term A can be expressed &t leest

qualitatively by

295 9r
bp; + cpr

where &, b, ¢ are quantities of the order of unity end poseibly

(12)

temperature dependente Clearly, for T small enough so that
b?i. << ¢9, equation 12 reduces to 4 ~9 while for $i >> Or
A ~ 0, i.04 a8 the temperature rises A approsches an upper
limit so that M,Re is then apparently satisfiede For highly pure
platinum (v ~ 0,003925) this should occur between 20° and 25°K
but for platinum having @, ~~ 0,00391 it should occur only above
about 5001‘2. Consequently, the differencébetvwen the resistivities
of & highly and less pure sample respectively should keep in-
creasing for about two thirds of the range up to 90%Ke

If their standard 16 were accepted as being closely
similar to an ideal resistor, Hoge and Brickwedde's (1939)
results (ses Fige3) would give some support to such a theory

(Schultz 1957). However, the comparison between the w - T
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Figure 3, Comparisons between w~T Scales of
Thermometers celibrated by Hoge and
Brickwedde (4W = Wpo = Wi, )
scales of several thermometers shown in Fige 4 (see aleo Fige 16
below) clearly indicates that when referred to & resistor
having 4. ) 0,003925 and so likely to be more nearly representative
of en "“ideal" resistor than L6 which has & ~ 0,003917
will reach a maximum which cen occur enywhere between 30° and
60°K, it will then decrease and mey even become negative in
some cases. Hoge and Brickwedde's curves (Fige3) represent
special cases of resistors having @& not very high purity
intermediate between those shown by curves B and C (Fig.4)
respectively. The resistore used by Los and Morrison (1951) re-

precent another speciel case, all of them being highly pure
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10

TEMPERATURE (°K)
A: (Los & Morrison, T-S-(USSR, Ch 6)
B: (Hoge & Brlckwodde LG)-(USSR Ch 6)
C: (Henning & Otto, 204HUSSR Ch 6)
D: (Henning & Otto,205 HUSSR,Ch 6)

Figure 4, w - T Scales for various Thermometers referred
to Ch6 as Standard,
(To achieve clearer representation, the
differences represent not cimply w - w ché
ut (w - w.) = (W« w.)ohe. w
ValuesAwere obtained by extrapoletion)
of w,
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(0.0039255 > o » 0,0039260) and there A is in fact negetive
throughout (see Fige5)e All A values are, of course, elsc very
emall end their veriations with temperature were found to be
sufficiently regular (when referred to the seme stendard scele)
for Los and Morrison to succeed in representing the & = T
relation by a sine function, All this suggests that groupe of
platinum wires are most likely to fit & common R - T relationship
when their impurity contents fell within sufficiently narrow limite
but it does not seem necessary that it be extremely low. These

points will be considered in deteil in Section VII belowe

-0002|—

F1G. 1. The relationship between AR and temperature for the six thermometers
——— AR determined from the intercomparison dala.
- AR calculated from Equation (IV).

Figure S5 Differencese from their stendard scale for six
thernometers calibrated by Los & Morrisone
—e R from intercomperison data
- = =« R from interpoletion formls



(iv) A Theoretical Basis for Negative Deviationse~ The results
ghown in Fige 4 evidantlf do not fit Sondheimer and Wilson's
theory and new assumptions will have to be made end investigated
concerning possible causes for the observed decresse in A
It had been assumed in all the preceding arguments that im-
perfections do not affect the temperature dependent scattering
of electrons by lattice waves which ig the cause of [ 21 but in
fact imperfections rust be expected to generally alter the band
structure by sltering the number of electrons in each band and
thus alter the effective number of electrons and their scattering
probebilities, an effect which will be particularly pronounced when
the imperfections are impurities of different valency from the
parent metel (Mott end Jones 1936, pe289)e

For monovelent metels the resulting effect on their cone
ducting properties mey not be appreciable since their bend
structure may be approximated by & gas of free electronse, In
transition metals conductivity is due meinly to s bend electrons
which are scattered partly within the s -~ band (s-s transitions)
end partly into the d - band (8 - d transitions), the latter
process being the predominant contributor to the electmicel
resistence at low temperatures (Kemp et &l. 1955). The structure
of the d = band is usually compliceted (see ee.ge Reynor 1952) and
it is known from measurements of the electronic specific heat

(Rayne 1957) that small concentrations of impurities can change
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the density of states quite appreciably by a small change in the
number of electrons in this bend, If the density of stetes is
changed, it is likely that the transition probasbility for s - d
transitions is also changed end with it Pig® Depending on the
nature and the amount of the oontaminationfis may be increased
or decreased leading either to positive or negative deviations
from MeRe This effect could well be more importent than the
Sondheimer-Wilson mechenism because the conductivity of the d - band
is likely to be very small (Klemens, pers, comm.,) g0 that the
overall resistance of the circuit shown in Fig. 2b would be very
nearly that of the s branch only and deviations due to the d

branch would be smalle



IV, A REVIEW OF METHODS EMPLOYED IN LOW TEMPERATURE

RESISTANCE THERMOMETRY ¢

(i) General,~ Use of the electricel resistance of metals at low
temperatures as & thermometric property must take account of the
fact that this low temperature resistance is very sensitive to
all changes in the characteristic parameters of metals (MacDoneld
1956, pel37)e This fact, which has been fully appreciated only
relatively recently, largely expleins the failure of successivd
investigations with platinum resistors to produce consgistent
results comparable to those obtainsble between 90° and 273°K,
where platinum thermometers satisfying present ITS requirements
can be relied upon to yield the seme tempersture scale to well
within 0,01° (Hoge and Brickwedde 1942, Stimson 1952 ),

Not surprisingly the most striking inconsistencies
sppeared during the earlier investigations (see e.ge Onnes end
Tuyn 1926), Since 1927 and partly due to the stimulus given to
platinum thermometry by the ITS there have been substantial
improvements (especizlly since the war) in the equipment and
techniques of measurements (Stimson 1955) and in the quality of
commercially eveilable platinum wire; but notwithstending these
factors, there have been only limited successes in the low
temperature fielde

In the following account the whole subject is discussed

under three headings, namely, the fitting of experimental results
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to selected polynomiels in sub-section ii, the use of
Matthiessen's and Nernst's Rulee and of expressions of the
genersl type R = £(Ry) in sub-section iii, end, finally, the

use of tebulated functions in sub-gection ive, All this work was,
of course, based on direct comparisons between platinum resistence
thermometers and the helium gas thermometer, A brief summary of
such data published since 1924 is given in Table 2, Some of these
groups of measurements were intercompered graphicelly by Hoge and
Brickwedde using their thermometer L6 as standarde This inter-

comparison is reproduced in Fige 6.

3000
2000
1000
®
,‘ 0
“000}— o/ o ]
s” 2
: l ¢ | %
o 20 40 60 90 100

Figure 6e¢ W - T scales for various Thermometers
referred to L6 as stendard ( Aw= “w, - 'L-S)

(ii) Curve Fitting Methodsee« Following the procedure used
successfully by Callendar for the higher temperatures, ettempts
were nade at Leiden (Onnes and Cley 1906, Keesom sand Bijl 1936 )

to fit the resultis obtained by comparisons with the helium gas



Table 2 Data on Intercomparisons between the Helium Gas
Thermometers and Platinum Resistance Thermometers,

Range and Numbers of Thermometers Purity of Platinum i
Reference Intervals ‘and Remarks | in terms of a
Onnes and Tuyn, |-270° to -80°C [4915 - 23! over entire range, Several | for 23
1924, . : in 1° ‘ other instruments over various parts < 0.0039
, : of this range. . .
otto. 3950, 1° B0 90°K | PTR 204 ~ 0,00391
to’ Y n : ’
Southard and 14° to 90°K K2 | 0.003917 ‘
Milner, 1933, in 1° KV : 0.003912
‘] Later work at the NBS showed that in
the range 30° to 45°K errors may
have reached 0,05°.
Keesom and . 2°K " Pt 48, Pt 59, Pt 61 respectively
Bijl, 1936. | -258° to -190°C Pt 6. : 0, 003875
in 2° The platinum for Pt 59 was obtained 3905
-182, 98°C by thermal decomposition of Pt €0 612 3913
: : S 3915
gﬁmn%ggd 1§° ;;9 90°K PTR 205 - 0.003907
o, a - n , |
Hoge and 10° to 95°K L3 L5 L6, L9, L10, L 11; from 0,003912
?rickwedde, in 1° . L 6 being used as standard to  0,003917
939.
Chambre Centrale | 10° to 95°K |
des Mesures,1954. in 1° ION Ch 6 ' ~ 0,003925




thermometer to expressions of the genersl form T = £(R) or

R = £(T), the functions being pylonomials with up to five
constants to be determined at specified calibration points
(generally the triple and boiling points of hydrogen and oxygen
and the boiling point of nitrogen which to the nearest degree
Kelvin have the respective values 14, 20, 54, 90 and 78),
Though a great deal of trouble was taken over these attempts,
no expression applicable to all tested thermometers could be
derived (Keesom and Bijl 1936 ),

Henning and Otto (1932a) set up a five constent ex~
prescion based on the Grueneisen (1930) theory of electricel
resistence in metals, Notwithstanding this quasi theoretical
basis, their success was rather limited, the formla representing
the sceles of several thermometers, including one celibrated by
Southard end Milner (1933) at the NeBe.S. to only within about
0,1° (Henning and Otto 1936b),

None of the instruments used in these comparisons had
& > 0,003917, which was then considered a very satisfactory value,
and many hed <, < 0,00391, It is an open question whether either
purer platinum or expressions with more than five constents could
have improved the results significantly though it is clear to-day
‘that use of more uniformly pure platinum would have produced
better agreement (see III,iii). Regarding additional constants,
even five of these require an inconveniently large number of

fixed point calibrations so that formulae with more than five
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congtants must be congidered as highly impractical, epart from
the fact that such multiconstent expressions are in any cese
undesirasble on statisticel grounds (see e.ge Joffreys 1937, p.40),
The polynomiel approach to low temperature resist&nce thermometry

is unlikely therefore to be revived,

(1ii) Matthiessen's and Nernst's Rules.~ Matthiessen's Rule
(MeR,) was first applied by Henning (1913) in the form given it by
Nernst (see equation 7 above)e Thereby the resistance of an
element can be expressed in terms of some selected standard
rather than in terms of the somewhat intangible "ideal" resistance
and, more important, provided the stendard end test resistors all
ghow similar deviations from MeRe, the Nernst function, being
the quotient of two differences, remains relatively unaffecteds
Finding that the Nernst Rule (NeR.) nevertheless was inadequate,
Henning supplemented this expression by adding a quadratic
correction term but even this brought only & very limited
measure of agreement and further extensive tests in Leiden
confirmed the earlier failures (Cath et al. 1917).

In 1928 Henning suggested yet another modification
of MsR, which was tested by Southard end Milner (1933) who
found that when used in conjunction with their w - T table
temperatures in the range 20° to 90° should be calculable
to within 0,05° provided the unknown resistor has similar

characteristics to their standard K2, 3

$ Dr. Southard reported that their scale was subject to &
computational error (see Hoge snd Brickwedde 1939 ).
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Van der Leeden (1941, p.153) made measurements on five
resistors of widely differing purity, only one of them, however, was
pure enough to satisfy present ITS requirementse. Although his
calibration range extended from 14° to 20,5° only, his contribution
was important for two reasonse Firstly, he determined the relative
residual resistance (z) in each case (from measurements near 4°K)
and secondly he sppears to have been the first to deduce deviations
from MeRe &8 & function of temperatures

Ven der Leeden modified (8) to

- (1+4)
w = 'Tl T ; (13)

where A is a constant depending on temperature onlye The

value of A at each temperature was obtained by plotting 2z

versus w; as defined by (8) for esch one of his five re-

sistors (see Fige 7T)e With A known (13) could be used to generate
five corresponding w; scales. The agreement Letween these scales
was unsatigfactory, hawever, at leest for precision work and

this is apparent from Fige 7 although not clearly since the

date was plotted on a rather constricted scale (the arrows
superimposed on the curves represent temperature intervals of 0.5°).
Ons reeson for the deviations is almost certainly found in the
greet varietions in the physical and chemical purity of the
platinum wires, particulerly since only two of them (Ptl and

Pt3) were properly annealed,
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Figure T, Deviations from M,R, aes function of
temperature after van der Leedens
The lest investigation to fall substentielly into
this category is that published by Hoge (1950), He found that
the resistances of seven NeB.S. celibrated thermometers having
% > 0,003920 could be expressed as & linear function of any

selected two of that group so that at esny given temperature

(R)p= & (Ry)p + B (Rg)y + C (14)
where Ry, Rg refer to two instruments for which R is known
as & function of T while A, B, C are calibration constants
belonging to Ry and determined near 14°, 20° and 90°K

respectively, Equations of the type (14) were found to predict
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Bl for the entire range l4°to 90°, errors being no greater than
the equivelent of a few millidegree.

The Hoge and ven der Leeden methode are really very
similer, the difference being meinly that van der Leeden used &
single standard scele and & table of deviations from this scele
beginning at 4,2°K while Hoge used two stendard scalee which
allowed him to do without the residual resistance. Both methods
were based on the assumption that R depends essentially only on
the total quantity of impurities (ms measured by the residuel
resistence) but is relatively independent of their natures Such an
assumption can hardly be supported by theory (see III,iv) and
moreover, it is contradicted by several measured results among
the most drastic cases being the Leiden thermometer Pt59 (Fig.6)
and thermomster R10 used during the present work (Figel6é below).
Nevertheless, this assumption is et least effectively true for
some groups of thermometers such as those tested by Hoge and
this fect is certainly significent (see III,iii).

It is still necessary to mention & peper by Van Dijk
(1952) who enelysed the expressions put forward by v.d. Leeden,
Hoge, end Los and Morrison (for the latter see sub-gection iv
below) and showed that they could all be considered &s specisl
ceses of a more generel interpolation formulas based on

‘T"'i"’f('i’zoB) | (15)
where B represents two constants related to ven der Leeden's A,

Ven Dijk gave no exemples, however, showing how far such a formula



could be successful and this presumebly because published
R = T tables did not include sufficient data for the

evaluation of his constantse

(iv) The Use of Tabulated Functions.~ Continued feilues to
establish precisge interpolation formulae for plstinum between
20° and 90k led the U.S. Netional Buresu of Standerds to define
& Provisionsl Temperature Scale (PTS) based on & selected
standard thermometer (Hoge and Brickwedde 1939 ), This instrument
(L6) was celibrated against a helium gas thermometer together
with five other platinum resistorse The results obtained for Lé
were published in the form of a table giving wy, at 1° intervels
from 1090 959K together with suiteble expressions for inter-
poletion so thut eny temperature could be deduced from the
corresponding resistance to a much higher accurscy (within a
few millidegree) than had theretofore been possible, The results
for the other five instruments were presented in the form of
difference curves (see Fige 3 above)s The just menticned order
of accuracy is, of course, restricted to measurements on the rTS,
Agreement with the Thermodynamic Scale was not thought to be
better than * 0,02°, The FTS fulfilled e long~stending demend
for a reliable end continuous scele in a temperature reange
where for reasons implicit in the account given in (ii) and (iii)
ebove, the need for such a scale was particularly pressing.

More recently, enother w - T table has been published

by the Chambre Centrale des Mesures, UsR.S.8, (1954) based on =

thermometer (ION Ch6) of considerebly higher purity then L6
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(8ee Table 2), The resistence measurements were carried out
with 8till greater accuracy than those of Hoge and Brickwedde
but the accuracy on the Thermodynamic Scale wes not claimed to
be greater than * 0,02°. Referring to Fig. 4, the slight
irregularities shown by the differences between L6 and Ch6
above about 6U° are almost certainly due meinly to differences
in the gas thermometry scelee rather than to differences in
the behaviour of the respective platinum wires. Hoge and Brick-
wedde had come to a similar conclusion when commenting on the
difference curvee shown in Fige 6 abovee, It may still be noted
that the irregularities of Curve A, not surprisingly, can be
correlated with those of curve B since Los and Morrison's scale
was based on the PT'S (see below),

By 1947, sbout 50 thermometers had been calibrated
on the P8, It was then suggested by Cragoe (see Stull 1949)

to use these results for the testing of the expression

w _dd (16)

e Bl

which he expected to be a function of the temperature only
(R, Ry being constants for each thermometer to be determined
et suiteble fixed points)e Cragoe chose this expression beceuse
it corresponded to Callendar's platinum temperature (8 in equation
2)e It is, of course, also & particular form of the Nernst kule
equation (7) which is &t once evident on dividing each term of
the r.hese by Rye Hoge found that with celibretions at the

boiling and triple pointe of oxygen 90,19° end 54.36°) Y was
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indeed constant to within & few millidegree but when Rl wes
determined at the boiling point of hydrogen, Y varied by
more than 0,05°%,
Later, Los and Morrison (1951) using only highly pure
thermometers (4 > 0,0039255) found that for a lower limit
of 549 the Cragoe function reproduced & Yy scale &8 calculated
from the w - T table of their standard thermometer TS (originelly
calibrated on the PTS)with & méximum error of 0,001°, but its
use down to 20° resulted in errors which nearly reached 0,01°
in some ceses (see Fige5). These resulte were probably responsible.
for the abandoning of an NeB.Se proposal (Proces Verbaux 1948)
to use the Cragoe function for the extension of the ITS to 20°K.
To demonstrate why (16) waes found to be reasonably
successful down to aboﬁt 54°, it is only necessary to put

31/h273 = a, (R, - Rl)/hzqa = b, end as usual R/Ryn3 = we It
then follows from (16) that

w-a W - ot

b b

and, therefore, w « wh end also

1 dw ek
b e B e 7
w 4T ey w a7

1t is evident from Fig. 8 that (17) should hold feirly
closely down to the neighbourhood of 30°k notwithstanding

considerable differences in impurity content. Below this,
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Figure 84 The Temperature Co=efficient of
Platinum as & Function of Temperaturee
however, the proportionelity reletions break down unlees
impurity contents are very similar indeed so that (16) cen no
longer be expected to holde The exact limite within which
(16) can be expected to be valid will be reconsidered in

VII belows



V. EXPERIMENTAL

(i) The Kesistance Thermometers.- Memsurenents were mede on five
thernoreters deteils of which are given in Table 3, All were made
in accordance with Meyers (1932) method and enclosed in capsules

&8 described in 1933 by Southard end Milner (see Fige 9)e

Platinum Leads

Glass Thread

. Gloss-to-Platinum
Seal

Platinum Case

THE RESISTANCE THERMOMETER COIL WOUND
ON ITS MICA CROSS IS SHOWN ON THE LEFF
& NEXT TO IT A DIAGRAM OF THE PLATINUM

CAPSULA (REPRODUCED FROM THE P,
MEYERS 1932 & HOGF 1942 ) & PAPERS OF

Figure 9¢ Construction of Resistence Thermcmeters,

Because some sections of the coils of R10 end D1l did
not lie entirely within the serrations of their respective mics
crosses, these coils had to be enclosed into soda gless cepsules
to avoid short circuite, Fortunately, it proved possible to mske
the glass capsules of substentially the seme dimensions es the
platinum capsules,

Coils CT15 and CTl6 were made in 1954 from the same reel

of wire and calibrated prior to sealing them into the platinum



Table 3

Details of Resistance Thermometers

R

Capsula o°c Rg, 2°K 2 :
No. Platinum ax 10 o) B
: Material ohms Roee |
CT 15 S, Cohn platinum 22,8289 o 0006_39o o 392577 R )49)42 0.1088
New York _ ‘ ,
CT 16 S. Cohn platinum 22,6054 . 000650, . 39256, 1,493, 0.1088
New York _ o
CT 18 Johnson platinum 23,2602 . ()00890o ¢392 370 1.496 0.1 093‘ ‘
Matthey Ltd, | . : ‘ ’
R 10 Johnson soda 23,5680 . 001 6093 « 3911 30 f i 1498,;L 0.1121
Matthey Ltd, glass : o
D1 Johnson soda 25,7745 N 0011.3971' o 389760 1.501 2 0.1184
Matthey Ltd, glass . Y




- 36 =

capsules, Constants R,, & and, of course, (3 were re-measured
during the present wo rk but not & since capsules ctnnot be safely
heated above about 150°C,

Coil CT18 wes made &s part of the present project, the
wire being teken from a sealed reel marked "thermopure”, After
anneeling it for 10 hours st 480°C, it was et once sealed into
ite platinum capsule snd & was determined by & comparison with
CT15 at 50°C, This gave 1,496 * 0,004, the relstively large margin
of error being due mainly to the uncertainty in dppge Using the
calibretion results neer 90°K and & =1.,496 gives (> = 0,1003
and 0,5882 3 = /’3 20,7661 which is actuaslly just a little high
for LTS requirements,

Coil R10 had been made and calibrated in 1952 and since
then used extensively for routine calibration worke It was re-
calibrated prior to being sealed into its capsule end R, was
then checked again, Both Ry and o had remasined virtually stable
since the original celibratione

Coil D1 wes made at the Vefence Stenderds Laboratories,
Meribyrnong, but not sealed until its arrival at the N.S,L, Its
4. was then found to be well below ITS requirements., The wire
may have been contaminated at some stage prior to the sealing
into its glass capsule, On the other hand,it had been noted on
other occasions that unless requested to be sent in sealed
conteiners and certified as "thermopure”, Johnson and Matthey wire
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(ii) Resistance Measurementse= These were made with & Mueller
Bridge (see e.ge Eppley 1932) the coils of which are periodically
calibrated against standard resistors maintained by the Division
of Electro~Technology in the Ne8.L, The bridge readings cen be

considered as accurate to within a few perts in 106,

(iii) The Cryostat and Associated Equipmente= Preliminary work

on the extension of the ITS to the liquid hydrogen range had been
initiated at the NeS.L, before this writer's arrival during August
1956, A oryostat had been designed by Mr, W. R, G. Kemp and had
been assembled together with most of the necessary amxiliary
equipnment, This assembly will now be described and for this purpose
will be divided into the cryostat proper, i.e. the section in which
the low temperature is esteblished and msintained, and three pumping
lines comprising the assodated apparatuse Two of the pumping lines
are shown in Fig, 10, the third in Fig. 11, and a schematic diagram
of the cryostat in Fige 12 (The tubes leading into the cryostat

are murked, with the seme letters A, Beess.G in each diagram.).

8, The Pumping lineses From the rotary and mercury diffusion
pumps (1 in Fig,1l0) the line branches out to two hot wire thermal
conductivity cells 2, charcoal trap 3, 2000 ml hydrogen storage
bulb 4 and mercury manometer 5, these parts being required to
determine the extent of the ortho-para conversion of the hydrogen

to be used in the vapour pressure thermometer. The mercury
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manometer of this thermometer is shown at 6, ‘'he pump also
evacuates the bulb of the vapour pressure thermomster (through

3 mm. diameter german silver tube ¢) and two brass cans inside

the cryostat (2, 3, and 4 respectively in Fige 12)e These cans can

be filled with helium exchange gas stored in bulb“:;,"’l:gich is also

of 2000 ml capacity, The Tosppler pump 8 tranefers 20°K equilibrium

hydrogen from the catalyst (13 in Fige.l2) into the vapour pressure

thermometer bulbe The measurement of the para content of the

hydrogen is based on & method published by Grilly (1953a).

A detwiled discussion of the hydrogen modifications and their

effact on the present work is given in Appendix 1,

The branch line to cell 27, the 2000 ml bulb 28 and the
trap 29 serve in connection with the generation of pure oxygen
following @& method described by Hoge (1950a), The cell, diameter
2,5 cm, length 20 cm, is filled with about 100 g of potassium
permanganate and is heated with a small electric furnace
(complete thermal decomposition of this quantity produces about
7 1. of gas at NTP which condenses to about 8 ml of liquid)e
The temperature of the salt is checked with a thermocouple
inserted into the re-sntrant well, Bulb 28 is filled with glass
wool which stops manganese oxide dust while trap 29 serves for
the condensation of the freshly prepared oxygen which is subsequently
re-condensed into the vapour pressure thermometer bulb, If
required, oxygen can be stored in the 2000 ml bulb 30,

While nearly all tubing and other parts of the first

pumping line sre made of pyrex glees, the second line connected
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to rotary pump 9 is made almost entirely from copper tubing end
the taps are standard refrigeration valves for in some sections
of this line the pressure may rise to several etmospheress The
hydrogen for condenseation is supplied from cylinder 13, It is
freed from oxygen in a standard Ve-Oxoc unit 14 where the oxygen
combines with hydrogen in the presence of a catalyst to form
water vapour, ldoisture, carbon dioxide, etce. in the gas &re
condensed in a liquid oxygen trap 15 end residuel impurities are
absorbed in a charcoel trap 16 cooled by liquid nitrogen (Any such
impurities other than helium will freeze before the hydrogen
liquifiee, If this happens in one of the cepillaries shown in
Fig. 12, blockages can occur which may cause serious trouble)e
The purified ges is compressed into reservoir 17 until the
pressure, as read on gauge 18, reaches & predetermined figure
corresponding to the quentity required for condensatione
(846 ml of hydrogen gas at atmospheric pressure and 292°K
condense into 1 ml of liquid at 20 K)e

From reservoir 17 the hydrogen cen flow either through
another cooled charcosl trap 19 and tube F for condensation in
the ocuter can of the cryostat (5 in Fig, 12) or it cen brench off
through e third charcoal trap 20 and cepillary K to condense on
the cetalyst, being finally transferred into the vapour pressure
thermometer bulb by means of the Toeppler pump (see above)s The
hydrogen cen escape from the outer can of the cryostet (5 in Figel2)

through tube G, 2 safety valve 10 being provided to prevent a
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pressure build up ebove about 80 cm of mercurye. Normelly, the
hydrogen is removed from the system through the pump return line
12 which extends to the roof of the buildinge

‘The helium is in a closed system (see Fige.ll) connected
to gas holders in another part of the building, This practice
minimises the contamination of helium with other gases and its
loss into the atmosphere (Broom and Hose-~innes 1956 ),

The system is evacuated by the rotary pump 1 (Figell)e
Helium gas can enter from the reservoir through tep 2 and copper
tubse L and gas or vapour can be pumped back along the same pathe
Liquid helium is transferred from a portable storage flask into
the pyrex Dewar vessel 3 through opening 4 in the cryostet cover 5,
(The section inside the Dewer vessel 3 is merely a symbolic re-
presentation of those parts directly relevant to the description
of the helium circuite All parts of the cryostat proper are shown
in Fige 12)s Opening 4 is normally closed with & stopper and
the Dewar vessel itself is sealed to the cover by a rubber
slesve 6 fastened tightly with iron wire clamps, When in use,
the vessel 3 is surrounded by & second Dewar vesgsel 7 filled
with liquid nitrogen to reduce heat influx by radiatione Because
of the slight permeability of pyrex glass to helium vessel 3
must be re-evacumted after every experiment (see e.ge Giauque 1947),

The valve 8 or needle valve 9 or both together ars
used to regulate the suction of helium from the bath in the bottom

of the Dewar vessel through capillary 10 and the two heliume
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hydrogen heat exchangers 1l and 12, The mercury menometer 13
or the gauge 14 give a measure of the rate of flow of the helium
vapour and consequently e measure of the rate of cooling of the
hydrogen in the heat exchangerse The hydrogen gas enters these
heat exchangers through tube F and the liquid collects in the
container 15 which represents can 5 in Fige 12, This method of
attaining and maintaining the rsquired low temperatures was
based on a design published by Swanson and Stahl (1954), It
also affords some measure of temperature control but must be
supplemented by other control devices which will be described
belows
be The Cryostats This is shown diagrammetically in Fige 12,
A copper block 1, dimmeter 3.5 cme, length 7.5 cm, contains the
vapour pressure thermometer bulb 2 surrounded by four regularly
speced drills of 5,55 mm diameter providing a neat fit for the
platinum resistance thermometers 16, The bulb as well as the
thermometers are covered with siliconegrease befors insertion to
improve the heat contacte (The slightly different original design
of the block described in the second progress report was modifiesd
after the calibration of CT15 and CT16 mainly to make it emsier to
replace thermometers).

Surrounding the copper block are the three brass cans,
4 -5, Can 3 is open to tube A and can 4 to tube Be Can 5, which

holds the liquified hydrogen is open to tubes F and Ge The



hydrogen gas enters the cryostat through tube F, circulates around
liquid nitrogen tank 7 in 24 mm copper tubing, then through the
heat exchanger 8 made from 2 mm copper tubing, and enters the
congtricted upper portion of can 5 at 9, A heater wire of
enamelled constantan SWG 42, 200 ohm is wound on to the vapour
pressurs line C to protect it from “cold spots",

The helium cooling line begins with the 0¢5 mm thin
walled copper-nickel alloy capillary 10 through which liquid
helium is drawn up from the bath 11 into the heat exchange coil
12 (24 mm copper tubing) where it is vapourised., The vapour pesses
into heat exchanger 8 and is sucked out through tube K,

The neodynium oxide catalyst tube 13 ingide can 5 is
made from pyrex glass about 12 cm long and 1,2 cem diesmeter and
is bent around the central copper tube just above tiie shoulder
of can 4, It contains about two gram of oxide in the form of a
fine powder which occupy approximetely two-thirds of its volumes
The 1 mm capillaries D and K are specially made from thin walled
glass so as to present the smallest possible obstacle to the
flow of hydrogen through tube Ge To indicate the level reached by
the condensed hydrogen, cen 5 contains & geuge made of three 56 ohm
Allen Bradley carbon resistorse The manner of using resistors
as level indicators has been described by several authors (see

8eZe Quinnel and Futch, 1950).
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¢y ‘Temperature Control, Several devices are provided to maintain
temperatures sufficiently steady to ensure thermal equilibrium
during calibration, (1) Regulekion of the rate of sucking up
liguid helium into the heat exchangers as described in sub-
section & above, (2) Regulation of the vapour pressure of the liquid
hydrogen in can 5 using a manostat connected at 11 (Figel0)e
This device blocks pump 9 whenever the vapour pressure drops
below & reference level which can be selected anywhere within the
range 5 to 740 mm Hg approximately, (3) Electronic temperzture
control actuated by the out of balance current from a Wheatstone
bridge networks

To effect (3), two resistors, each about 600 ohm of SWG 42
enamelled constantan wi;e, are wound bifilarly and together
over the surface of can 3, one of them to serve as a heater, and
the other as the temperature sensitive element of the Wheatstone
bridge circuite & similar heater is also wound on the lower helf
of can 4 but in this case the sensitive element is made up of
three carbon resistors each of 250 ohm and connected in seriess
one of them being placed in contact with the bottom of can 4, the
others on either side about an inch up, reasonable temperature
uniformity of the constantan and carbon resistors being ensured
in this case by convection currents in the liquid hydrogen in
which they are all immersed during operation, Heaters and
sensitive elements are then connected to electronic control
circuits designed to act in such a way that they compensate by

& suitable heater current input the cooling effect of the helium
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vapour to just the extent required to keep the temperature of
copper block 1 sufficiently constant,

To provide an efficient path for the heat generated
oy the resistors, cans 4 and 3 as well a&s can 3 and the copper
block 1, are connected by 1 cm wide copper braiding (not shown)
soldered with Wood's metel into small holes drilled into the cens
so that these solder joints can be made after the cans themselves
have been soldered into position which is also done with Woods
metal around their upper rimse

Method (1) soon proved inadequate by itself but geve
quite good results when supplemented by & 500 ohm constantan
wire heater wound around can 53 but even this set-up became
unsstisfactory after CT1S and CT1é had been replaced with R1O
and D1,

To permit removal of the copper block, tube A is
interrupted about 5 cm sbove this block by & copper joint and
sockete Originally, the contact between the ground surfaces
was poor, the weight of the block being supported almost entirely
by cepillary C, Hence with cans 3 and 4, evacuated the block wae
relatively isolateds After re-asssmbly the ground surfaces were
pressad together, very firmlye This improved the heat contact so
that with cans 3 and 4 evacuated sufficient heat reached the
block to cause its temperature to rise relatively quickly to
over 20°K, To stop this heliwgsiad to be admitted into can 4 at
e critically small pressure otherwise the balance was upset in

the opposite direction and heat was lost to heat exchanger 12



(Figel2) so quickly that the temperature soon fell below 149K,
It was to remedy this that the devices described under (c) above
were introduced., They have the added advantage of making temperature
controlmore flexible, The congtantan wire heater wound over the
outside of can 5 is now used mainly to help raise the temperature
of the apparatus when requireds

It must etill be mentioned that, in order to minimige
all uncontrolled heat transfer into the cryostat all metel tubes
to the cans are made of a poorly conducting copper-nickel alloy
from the cover 15 down to the lower end of heat exchanger 8e
Below that copper tubes ars used to facilitate realisation of

as uniform as possible a temperature distribution in that regione

de Modificsations for work in the liquid oxygen range (about
549 to 90°K). Pure oxygen for the vepour pressure thermometer
is prepared as described in sub=-section a above. Temperatures
above the boiling point of nitrogen (about 77,5°K) are realised
by filling Dewar 3 (Figell) with the eppropriate mixture of
commercial liguid nitrogen and oxygen, pure oxygen being
condensed into the vapour pressure thermometer bulb as soon
as the temperasture of the copper block is sufficiently low,

For measurements below 78° commercial oxygen is now

condensed into can 5, The pressure over this oxygen is reduced
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simultaneously with that over the liquid in Lewar 3 until
the required temperature is reached which is then msinteined

with the help of manostat 11 (Fig.l0).



VI, PROCEDURE, RESULTS AND COMMENTS,

(i) Low Temperatures= In this region the procedure is as
followss Hydrogen gas to & pressure of & few millimeters of
mercury is admitted into dewar 3 (Fige.ll) and a little helium gas
into cans 3, 4, 5 (Figel2)s The temperature of tie cryostat
asgembly is then lowered to near 90°K by keeping dewar 7 (Figell)
and tank 7 (Figs1l2) filled with liquid air, this degree of pre=
cooling being desirable to avoid wasting liquid helium, Vewar 3
is now thoroughly evacuated and then filled with liquid helium
first level with the bottom of can 5 and a little later to the
level of heat exchanger 8 (Figel2) In these conditions the copper
block soon reaches the temperature of the boiling helium and this
temperature is measured using menometer 13 (Figell) as & vapour
pressure thermometer and a table published by Linder (1950) to
obtain the temperature from the indicated pressure, The resistance
of the thermometer is read simultsneouslys «

Now heJium is allowed to boil off until its level is back
to below can 5 which is then filled with liquid hydrogen, the
condenging process occurring in heat exchanger 12, Next hydrogen

is condensed into the catalyst tube X3 (Figel2) and when fully

3 Near 49K dw/dT is so small thet effects due to differing
impurity contents can be safely ignored at least for the
purposes of work above 149K, Consequently, %, which is obe
tainable only by extrapolation can be replaced by wy4,2 which
is readily and sccurately measurable, Throughout this work,
¥.2 is being used, thersfore, rather than ze



catalysed, transferred from this tube into the vapour pressurs
thermometer bulb 2 (see also Appendix 1) A temperature in the
range 14° t0 2044° is now selected and once this has become
sufficiently steady, simultaneous readings are taken of the vapour
pressure of the hydrogen (using a cathetometer with & range of
800 mm, and a least count 'of 0,0l mm) and the resistance of the
thermometer, However, this direct calibration was carried out
only on thermometers CT1l5 and CTl6, Results for the other ther-
mometers were obtained by direct or (in the case of D1) indirect
intercomparison with CT1S5,

Temperatures were calculated from the vapour pressure
readings using the vapour pressure - temperature scale published
by Wooley et ale. (1948), A scale published later by Hoge and Arnold
(1951) agreed with the Wooley scale below 17°K but was 0,002° lower
at 18° and 0,005° lower at 20°K, Since in this region both scales
were based on the Hoge and Brickwedde (1939) temperature scale,
Hoge and Arnold could give no reason for these differencess

Both apparatus and procedure are rather complicated and
the first two attempts to work the cryostat had to be abandoned
before readings could be starteds After several adjustments a
third attempt was more successful giving a fairly reliable
reading near the triple point where the temperature could be kept
ressonably steady but less reliable ones at the higher temperatures

where conditions were less favourable (H3, Table 4),



Table 4

Results of the Calibration of CT15 in the
Liquid Hydrogen Region. :

Reference No. T OKmeasur;dx 1 0’4 m :. ;terp;lzt: gh- 7 : WCh6 x 10l WCT;51 OiChG
HS3 1 13.83 15,20 14,00 15.64
25.3.57 2 16,50 23,88 17.00 26,08
3 17.83 30,2l 18,00 31,16
I 18.25 32,52 18,00  31.15
H L 1 13,975 15.56 14,000 15,62 1, 12 1.20
30.5.57 2 14,759 17.75 14.800 17.87 16,66 1,24
3 16,998 26,20 17,000 26,22 25,02 1.20
L 19.385 39.58 - 19,400 39,68 38,49 1.19
\ 5 20,052 4k, 28 20,000 L43.90 42,72 1,18
6 20,126 Ll 86 20,100  4h.65 43,45 1,20
H 5 1 16.277 23,11 16,200 22,80 21,58 1,22
27.6.57 2 16,370 23,50 16,400 23,62 22,10 4,22
3 18,056 31.53 18,000 31,23 30.0L 1.19
L 18,923 36,62 19.000  37.11 39.91 1,20
5 19.94L 43,56 20,000 43,96 ha,72 1.2
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A hester wire was then wound on to cen 5, the heet input
being controlled menually to balance the cooling effect of the helium
vapoure This led to a considerable improvement in temperature control
8o thet the two following celibrations gave satisfactery and con=
gistent results excepting only the 20° readings which differed by
about 0,003° but there the 20,1° result indicates that the correct
value is likely to lie close to the mean of the two divergent
readings (see H4, H5, Table 4), There can be little doubt that the
differences between these calibreations and H3 are due entirely to
t he absence of adequate temperature stability in the latter cases

Inspection of the celibration results for CT15 soon
showed that (Aw/dT)gpi5 was virtually equal to dw/dT of the
Russian thermometer Ch6 (see Table 2) and this for the entire
renge 14% to 209K, Hence (dw/dT)gps could be used safely with the
CT1S velues at lemst for the short intervel between the celibration
temperature and the nearest 0.,1° The resulte of these c alculations
ere shown in Table 4 3 the averages at each calibration point
ere given in the column "measured", the others in the column “intere
polated" ; for comparison the corresponding Ch6 values are entered
in the next column, The difference shown in the last column are
sufficiently equal to justify the use of the same procedure elso for
the somewhat larger tempersture intervels such as thet from 14,8°
to 15% The results for this thermometer are shown in the CT1S

column of ‘Tabls 6¢



Table 5 Comparison between CT 15 and CT 16
’ in the Ligquid Hydrogen Region.

. " or16 = Yor1s
Reference No. | T K WCT‘IG x10 WCT15X1O vx 10)4 |

HL 1 1,000 15,73 15.62 0.11
30.5.57 2 14,800 18,00 17.87 0.43
'3 17.000 26,3L 26,22 0.12

L 19,400 39.79 39.68 0.11

5 20, 000 4. 03 143,90 0.13

H5 1 16,200 22,92 - 22,80 0.12
27.6.57 3 18.000 31.36 21,23 0.13
I 19,000 - 37.22 37.11 0.11

5 20,000 44,03 43,96 0.07

Average Difference : 0,12



- 50 =

Concerning CT16 the similarity of its results with
those of CT15 was fully expected in view of their nearly

identical ITS constants and this is demonstrated in Table S5,
The CT16 column in Table 6 was then obtained by adding 0,12 x 10~4
to each 'CT15 valuee

After further calibration in the liquid oxygen region
(see below) thermometers CT15 and CT16 were replaced by L1 and R10,
However, the calibration of these instruments was not successful,
the data obtained being useful only for intercomparison purposses
(Figel3)e The failure of these experiments led to the further

changes in the apparatus described above (V, iii, b and c)s
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Figure 13, Comperison between thermometers R10 and D1
between 4,29 and 209K,



Table © Liquid Hydrogen Region., Calibration Results.

Summary.
No, CT 15 CT 16 CT 18 - R 10 D1

Repg () 22,8289 22,6054 23,2602 23,5680 25,7745
R1oo%y§(fc 1.39257, 1.39256, 1.39237, 1.39113, 1,38976

T °x W x 10t

Lo 2l 6039, 6.50, 8,90, 16.09; 43,97,

14 15,62 15,74 18,85 27.17 57.47

15 18.50 18,62 21,83 30,11 61,01

16 22,02 22,14 25.4L45 3L 31 65.25

17 26,22 26. 3L 29.77 38,90 70.19

18 31.23 31.35 34,89 Ly, 3l 75.95

19 | 37.14 37.23 140,89 50,69 82,65

20 43,92 Lh.Oy 47,82 58.00 - 90.30



The final series of experiments wers made with CT15
R10 and the newly completed thermometer CT18, It was started
with a check calibration of CT15, Unfortunately, just prior
to the experiment the heater around the vapour pressure
thermometer tube C open circuited and when the results were
worked out, it was found that the temperatures corrssponding
to sach of the measured ressistance velues wers between 0,05°
and 0,08° lower than during calibrations H4 and H5 which
suggested the presence of "cold spots" during the last
calibrations, Subsequent tests near 60°K confirmed that “cold
spots" leading to errors between 0,05° and 0,1° could have
occurred in the conditions in which the equipment was operateds
Since, as is evident from Table 4, the standard of the earlier
resudts was such that & check was by no means imperative (the
principal objective of the final series was an intercomparison
between CT15, CT18 and R10) it was decided not to repeat the
attempt but to accept the results of calibrations H3 and H4
(Table 4) as final,

Results of the intercomparisons as collected in Table 6
were obtained by plotting the differences CTLl8 « CT15, and
R10 - CT15, and D1 ~ R10, as u function of temperature and
drawing & smooth curve through the resulting points (Figs.13,14).
Some of the points in Fige. 14 near and above 20°K were taken

within a relatively short time intervals some soon after a
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rise and others soon after a fall in-temperature. Although
conditions were found neaxysteady during each reading, it is
possible that this near steadiness did not always indicate true
equilibrium which would then account for the relatively large

scatter,

(ii) The Range 54° to 90°K,= Procedure in this region has been
largely described in conjunction with the description of the
equipment (V, iii, d above), All temperatures were calculated
fromthe vapour pressure - temperature relationship published by
Hoge (1950a),

From 90o to 78°K svery thermometer was calibrated
directly against the oxygen vapour pressure thermometer, Below
789K only CT15 and CT1l6 were calibrated directlye Resulis for
CT18 and R10 were again obtained by intercomparisons with CT1S,
Work in this latter region becomes progressively less accurate
because, as shown in Table 7, below about 75°K the vapour

pressure of oxygen changes only very little with temperatures

Table 7, Approximate Velues of dT/dT for the
Vapour Pressure of lLdquid Oxygen
as a Function of T,

T dP/aT
(°K) (mm Hg/°K)
20 75
85 50
80 30
75 17
70 8
65 4,5
60 Je3

55 Oed



A typical set of calibration results for CT15 is
given in Table 8, Altogether, between 50 and 60 such readings
were taken, not all, however, proved acceptable since the

temperature was not always adequately stablee

Teble 8, Hesults of the Calibration of CT1S
in the Liguid Oxygen Regione

® (°K) w
89,932 0242840
87,201 «R30922
864211 0226612
85,837 224970
83,429 «214514
81,923 0207960
80,293 200886
786576 «193425
766227 «183275
73,100 19984
71,410 16260
686585 «15051
63449 «12894
60,07 11486
54,38 +09290

-—

To obtain degree by degree results, dR/dT values
for the most stable readings were plotted against T (FigelS5)
and a smooth curve was drawn through these points which was
then used for interpolation, The results of this interpolation
are shown in Table 9, It was again found that at least below
80%K (aw/dT)gms was very similar to (aw/aT)cyc and this fact

was used to obtain whole number values &t and below 65°Ke
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Figure 15, dR/dT and dw/dT for CT15 and CT1l6 between
659 and 909K,

Table 10 shows a comparison between the relative
resistances of CT15 and CT1l6 where both were measured at the
same or nearly the same temperature, It is evident that the
virtually constant value of this difference already noted in
the liquid hydrogen region is meinteined right up to 90°K,
the nmaximum variation from the average difference being again
equivulent to little more than 0,002°. Consequently, the figures
for CT16 in Table 11 below were again obtained by adding t he

average difference to the corrssponding value for CT1l5,
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‘rable 10, Wopyg = Woris (W) in the renge 62° to 909K
. i 4  wx 10t “K wx 10%
62 (VI 78 0625
68 0,0 81 0.20
71 0.1 83 0,10
73, 0.2 86 0415
76 0.1 90 0,20

Smoothed results for all thermometers at 5° intervals are given in
‘leble 1lls Intermediete values above 65°K can be obtained using
Teble 9 in conjunction with the curves shown in Figure 16, No
comparisons could be made between 23° and 53° but in view of

the fairly well defined directions of the curvees near 200 and 55°
respectively, it seems unlikely that measured values in this

range would have shown significant differences from the

tentative values shown in the graphe This should be true
especially for HlO.;

Figure 16 affords an excellent illustration of the
difficulties inherent in the task of finding as it were a common
denominator velid for at least a fair proportion of w - T re=
lationships of platinum thermometerse For comparisons, the w - T

relationships for T4 (White and Woods) and L6 (Hoge

iIn the light of subsequent developments (see VII, ii, below)
measurements in the neon renge (24,5° to 279K) might have proved
very useful but this could not have been enticipated, of courses In
any cese, this range is not nearly as well known as that of hydrogen
end oxygen (Hoge 1941) and it is more than doubtful whether such
measurements would have repeid the considereble exitre demand on
mzteriels and time which they would have required, Lt was for this
reagon that no provisions were made for them in the first instenceg



Table

Calibration in the Liquid Oxygen Range.

Summary for 5° Intervals.

T W X 104 ,

(°x) CT15 CT16 cT18 R10 D1

55 10056 1005. 8 1009, 6 1031.3 -
60 11145, 8 1146.0 11149, 8 1171.9 -

65 13534 135346 13573 1379.6 -

70 156544 1565, 6 1569.2 1591.5 -

75 17800 1780.2 1783.7 1805, 8 -

80 1996, 20 1996.35 1999. 80  2021.65 204k, 55
85 2213.45 2213, 60 2216, 95 2238,55 2271.00
90 2431, 40 21131455 241311 80 24156, 00 2L77.60
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end Brickwedde) relative to CT15 have been added to those for
CT18 and R10 and it is seen that at least below about 559K
everyone of these curves has its own characteristic shape,

The w - T curve of R10, although not typical, nevertheless
serves a useful purpose since it indicates that it is not always
possible to rely on the characteristics of an instrument above

909K when trying to predict its behaviour below 90%K,

(1ii) Reliability of Results.- Resistance measurements wers
made in general to # 0,00005 ohm (equivalent to about * 0,02 x
10~%w) and their reproducibility in the hydrogen range was of
about the same order as is indicated by the degrse of con-
sigstency of the results in Table 4, In the oxygen range rew
producibility was found to be close to 2 0,0001 ohm correeponding
to * 0,001°, Except at the ITS calibration points the resistance
wes always less than about 6 ohm so that no measurement was made
to much better than 1 part in 10°, The absolute accuracy to which
the resistors are known is probably better than this figuree

Pressure readings are believed to be reliable to at
least £ 0,02 mm, the uncertainties in the miniscus corresction
and other corrections being generally much less than this figuree
For the measurement near the triple point of oxygen the pressure
reading was probably accurate to * 0,01 mm,

Coming to the quality of the gases used for condensation
in the vapour pressure thermometer, the effect of residual

impurities in the hydrogem should be negligible on account of
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their low vepour pressures below 20°K, Contearinetion of hydrogen by
helium (or vice versa) is prevented by keeping the helium in en
entirely separate circuit (see Figell)e Regarding the completeness
of the nH2 - eH, transition this was checked by drawing semples from
the cetalyst tube over a period of about eight hourse No significant
changes in the thermal conductivity of these samples were observed
after the first 45 minutes approximetely. (See Appendix 1, FigeAd).
Trensfer from cetalyst tube 13 into the vapour pressure thermometer
bulb 2 (Figell) took place generally about 2 hours after charging
the catalyst and after pumping off approximately half the amount
of liquid originally condensede

As to the purity of the oxygen, measurements with four
different samples prepared each time from fresh amounts of reagent,
gave results sgreeing to * 0,0019C, Storing the gas for severeal
weeks in buld 30 (Fig.l0) had no significant effect on vapour
pressure readingse

Temperatures, therefore, must be considered reproducible
to within a few millidegree near and below 20°K and to about a
millidegree between 75 and 90°K, Below 75° reproducibility falls
and near 55° it is only esbout * 0,025° (see Table 7).

While comperisons with thermometers calibreted on the
same vapour pressure scales should give agreement substantially
e quel to the reproducibility figures just quoted, the position
could be different concerning egreement with thermometers
calibrated on other scales which could differ from the Wooley

end Hoge scales and, therefore, from the N.BeSe Provisionel



lemperature Scale by 0.02° or even more seeing that the sgree-
ment claimed to exist between any one of the published ges
thermometry scales and the Thermodynemic Scals is never better

then 2 0,029,

(iv) Remarks on dw/dT neer 900Kes Los and korrison (1951)
observed that for their thermometers dw/dT as obtained from gas
t hermometric measurements near 90°K did not agree with dw/dT as
celculated from the Ven Dusen equation (3)e This is true also for
the present work, The explenation for the discontinuity in dw/dT
at 90,19% is found in the fact that d%w/dT chenges sign only
e few degrees lower down (see Table l)s Not surprisingly, this
change affects w = T curves even above 9U°K end this effect
cannot be expected to be reproduced exactly by a formula based
lergely on the more uniform w - T characteristics of platinum
at much higher temperaturese It would then appear that the ITS could
not be extended downwerds without introducing a discontinuity
at least in dw/dT unless equation (3) could be suitebly modified
to obtein better agreement then existe at present between this
gection of the ITS and the Thermodynemic Scale (see 2lso Keesom
1939).

In addition to this discrepancy, there is another
one between the dw/dT values resulting from the present investigation
and those obtained during the various ges thermometric measures=

ments listed in Table 24
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All gas thermometri c measurements show that the
meximum reached by dw/dT values just below 90° is the higher
the purer the platinume The highest recorded value is that for
the Russian thermometer Ché reaching 43,46 x 10~4 between 87°
and 88°, while (dw/dT)r, reaches only 43,44 x 1074, Against
this CT1S which is certainly if anything less pure than CH6
nevertheless has a (dw/dT),., of nearly 43.7 x 1074, an
extreunely high valuee Even R1O which is made from relatively
impure platinum has a (dw/dT)yax, of 43.5 x 1074,

It seems most likely that this irregular behaviour
must be due to an irregularity in the Hoge vepour pressure
scale affecting the region between about 83° and 90%°K, It is
noteworthy that the Hoge scale and the Henning and Utto (1936 ¢)
scale (although both use the same temperature for the boiling
point of oxygen) disagree strongly end, whet is more importent
for the present purpose, non-uniformly in this very region
(see Figel7) If wopys ie calculated from the Henning end Otto
scale instead of the Hoge Scale, dw/dT values are in much better
agreement with the gas thermometric results including those by
Hoge and Brickwedde (1939) themselves, although the Hoge vepour
pressure scale wes set up using Hoge and Brickwedde's temperature

seslo, Notwithstanding these irregularities, the Hoge Scale wes
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reteined for this work for on the whole it is likely to be

the more accurate of the twog

(Pu+o." Puoce ) mm Hg.

O-4—

TEMPERATURE (°k )

Figure 17 Differences between the O, vepour

pressure scelee of Henning and Otto,
and, Hogee



VII, THE CORRELATION OF w - T DATA,

(1) Some Characteristics of Platinum Thermometers.= Thie subject
will now be investigated using the date accumuleted in Sections III,
IV, end VI4 though unfortunately meny of the published w - T tables
do not even indicete the & of the thermometer, let alone its w2
value,
(a) The & = W, o relationship, A high & value is the accepted ITS
criterion for the purity of pla tinum (see e.ge ITS 1948, Part IIa)
end the degree of validity of this criterion is illustrated in
Fige 18A where e is plotted egainst ¥gy,19 for 19 thermomaters
differing widely in origin and purity; W, 19 of course, should be
the smaller the purer the pletinum (8ee III, ii above). This re=
lationship is found to be generally true altihough there are some
"local" exceptions such as the pair T4 and 58 or the pair F and 9,
It is interesting to note that at least dome o the thermometers
with "anemalous" wzo/ibo values such as L9 and E also have f3
values outside ITS requirementss (Fige 18A was aleo used to obtsgin
4, for thermometere Ché, 16 and 204 ),

A similar reletionship to that between & and Y90 might

be expscted to hold also between & and w but Fige 18B shows

4e2
thet here there are many serious exceptionse The regson for

most of these exceptions is soon seen to lie in the shape of the low
temperature w - T curves of the affected thermometers. These curves
show sections with exceptionally high dw/dT velues, thermometers 59

(Fige6) and R10 (Fig.l6) being here the most striking exempless Re=-

ferring to Section III(iv) it seems likely that the platinum of these
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instruments had been contaminated by elements with widely differing
valenciese Such an assumption is supported by the fact that the
platinum for 59 was made by the thermal decomposition of Pt CO 013.

In addition there are some irregulerities in the
region of very high &, o Thus, evaileble date indicetes - but this
could not be shown in Fige 18B - that for Los and Morrigon'se there
mometers the general rule that « increeses while w, , decreeses,
is replaced by o end wy,p increesing togethere

It appears from Fige 18B that sets of thermometers
eimilarly affected by impurity contents (they would then obey the
assumptions mede by Hoge) would have certein characteristic '*/%4.2
values, These valuee, therefore, should prove a simple and effective
criterion for the selection of thermometers likely to show gimilar
behaviour in the low temperature region and consequently alsc likely
to obey reasonably simple interpolation formulae to a sufficient degree
§f eccuracy. In other words, the ratio could pley a similar pert for low
tempe;ature thernometry which is now pleyed by & above 90°K so that
only those thermometers would be acceptable for low tempersture work
whose °U/i4'2 velues fell within definite limitse It would then be
possible that & thermometer could be rejected because its o value
is relatively too high, Hoge's results (see iii,e, below) and those
obteined during the present work suggest that it should be poseible to
fix the criterion such that it would be both narrow enough to fulfil
its purpose and yet be satisfied by a sufficiently large number of

ingtruments g



‘the ratio could be expressed in the form

9 b
Y442 Y4,2

The precise value of thesd constants could be fixed only after
en enalysgis of & and W42 values for a sufficiently large number
of thermometers (Stimson 1952), Using the few rssults aveilable et

present leads to

[ 8 0,0039277
m— = ( 4,55 x 10™3 4 -) * 0,00018 (18a)
‘4.2 '4.2

but these values can be regarded as no more than tentatives

In general equipment suitable for messurements near 20°
will be easily adapted for measurements near 4,2°% Fd ling this,
the ratio dVi4.2 could possibly be replaced or just supplemented
by the ratio wyy/wgo for W,, rises in most cases fairly regularly
with w, o (see Fige 23 below) while the near pro portionality between
LI and & has just been demonsiratede The effectiveness of '20/590
for the present purpose can be judged from Fig, 19 whers W 18 plotted
against Y90 for 15 thermometerse The straight line in this figure is so
drawn that it passes through the positions of Ché and L6 (see also Fige
21 below)e

The ratio wzo/ibo should be as effective for the present
purpose as 6754.2 although this latter ratio is basically more satise
factory, Ageinst this, wyo/W,, can be determined without the need for

an additional calibration pointe
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(b) Properties of dw/dTe Figure 20 shows emoothed differences

between dw/dT for & few thermometers verying in impurity content

and dw/dT for en ideally pure instrument &s obtained by extra-

polation, these differences being plotted sgainst temperature
(see Fig, 1 for the shape of the dw/dT versus T curve)e

The following facte ere apparente Firstly, dw/dT is

greater for the purer thermometers only above ebout 269K, Below

260 it is the smaller the purer the metale No doubt the

occurrence of this inversion is one of the principel reasons

for the difficulties encountered by all attempts at exitending ITS

methods below 26°, Secondly, it is below this inversion
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Figure 20, The effect of purity on dw/dTe
temperature that dw/dT ie reletively most sensitive to changes in
the impurity content end this is made more serious by the fect thet
in this region dw/dT is already rather smell, Thirdly, beginning
at the lowest temperatures, where dw/dT-0 for all thermometers,
it rises most quickly for the least purs resistors but near 14°
the trend reverses until near 26° dw/dT is virtually equal for
all reasonably pure elements (& > 0,0039), From about 26° to 56° the
resistance continues to rise festest for the purest

elements while above this renge dw/dT values converge
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agein to maintein their relative positions right up to the
highest temperaturess

These consideretions eiplain why Los and Morrison's
method wes successful only to about 20°K (they quite evidently
had hoped to use it down to 11°9K) snd why their celculated and
measured differences begin to diverge relatively sherply in
this region (see Fige5) Bn even sharper divergence would have
resulted from the inclusion of thermometers with & < 0,003925,

On the other hand, use of the Cragoe function between,
ssy, 90° and 30° instead of 90° and 20° should not only result
in en improved fit for thermometers of similer purity - this
might have been expected in any case - but more important, it
should lead to a substantially improved fit for thermometers
showing much greater differences in < than the Los and Morrison
instruments. That this is in fect true is illustrated in Table 12
where TS is compared with L6 Since TS was originally celibrated
egeinst L6, both instruments should agree %0 within a few millie
degree, Using '50 this is practically achieved while use of Y,q
leads to increasingly large errors as the criticel region of the
"cross=-over" is approached. It can still be added that }t is, of
course, evident that & function of the Cragoe type must fail in the

renge extending from 26° downwardse



Table 12 The Cragoe Function (YT) for different
‘ Temperature Intervéls.
YT (20) _ Wi w 20 YT (30) = Vi = W:D'_Q
Voo~ Ying Y90 T V30
Number TS L6 Number | s L6 i
6 ~ 6 oo
107 a . 3926 . 3917 10”7 « . 3926 . 3917
Vg0 = Yoo 238764 0238203 Woo = W3g  +225867  .225262
oo o - 004261 - 006513 wzg .017158 » 019451
T (°K) Yp(20) SRe. T (°K) Y, (30) X
70 63761 063762 0.5 70 .61691 61680 6
60 .1456188 « 46195 L 60 2143115 . 41310L 7
50 229796 229812 12 50 .25787 = .25779 5
40 + 15696 «15724 20 Lo .10882 .10882 -

T i e

R o P



Having made these observations, ettention will now
be paid to the aveileble calibration results which will be
considered in two sectionsg first, results from 90° to sbout

270 gnd then from 27° down to 149K,

(ii) The Range 90° to 279K~ The findings described in IV (iv)
Red to the suggestion of dividing the low tempersture range at
the triple point of oxygen (Hoge 1950)e¢ Argumente in (i)b
above, suggest, however, that the dividing line should be
drawn just above 26° where the normal boiling point of Neon
(274079K) would be availeble es & fixed point, Both possibilities
will now be investigated although the 27° limit will have to be
tested using published results only for it would not have proved
practicable during the present work to cerry out measurements
in this range to the required degree of saccuracys

It was possible, however, to test the Cragoe function
(16) between 90° and 54° with the results shown in Table 13
where the comparison is extended to four other thermometers
calibrated on three different ges thermometer scales,
Differences in Y are due meinly to differences in these scales
(see IV, iv, end also Hoge and Brickwedde 1939) for where the
sceles are the seme as e.ge for TS and L6 (both PTS) or CT1S

end CT18 (both Hoge vapour pressure scale) these differences



Table 13 The Cragoe Function (Yp) for the
Interval 90° to 54°K,

'Reference Los and USSR Hoge and Henning Present Work.
Morrison 1957. 1954 Brickwedde and Otto
1939 1932
Number TS Ché L6 204  CT15 . CT18 R10
e e : - -

10° a 3926 3925 3917 - 391 3926 3924 3911
Woo = Vg <1524 .15242 . 15206 15195  .15250 - .152L3 15238
VK], - 09058 209063 «09266 «09431 . ,09065 .09106 09322
T (°K) ' Yo (54) L wp = wg,

\ ' \"190- W5;4.
85 . 85732 « 85750 . 85717 © .85725  .85698 . 85698 . 85698
80 » 71480 e 71513 - $ 71471 «7146L L7156 « 71456 . 71493
75 * 57308 . 57321 . 5729’-’- ° 57269 * 57273 ‘ . 57273 . 573 24
70. L3243 13236 113233 .113185 13215 .43215 142618
65 + 29336 029333 029324 «29300 . 429312 «29313 « 29392

60 «15718 015732 « 15710 « 15710 « 15705 «15713 » 15736
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ere well within 0,01° and often less than 0,001° notwithstending
some relatively large differences in &« and considerable
differences in the origin of the platinume On the other handy, =
thermometer having the o = 4.2 characteristics of R10 (See Figs.
16 end 18B) can hardly be expected to agree with the other ine
struments and these characteristics ere alreedy clearly apparent
from a study of the relationships between w54 and Wy which is
illustreted in Fig, 21,

If the predictions made in (i) b ebove could be mare
generally verified, the Cragoe scele cculd be used to extend
the ITS mot only to the triple point of oxygen but even to the
normal boiling point of Neon(27,07°K) which is just above the
criticel inversion region shown in Fige 19¢

Table 14 tests this possibility in a more thorough
manner then wes done in Table 12, This time the results are re-
ferred to Ch6 as standard and the instruments listed are the
same &8 those listed in Table 13 with the addition of T4 but
excepting the NSL thermometers for they could not be calibrated
at 27°, Agreement is excellent below 60°, T4 being the one exe
ception but then T4 is one of those resistors which does not
have & "normal® o = w4,2 relationship (See Fige 18B end also

iii, Cy below). At and above 60° some of the devistions are

noticeably greater, Differences of & similer order were also

noted when discussing Table 13 and it was then shown thet they



TABLE 14 The Cragoe Function (YT) for the

Interval 90°'to 27°K.

Number 4 CH6 TS Y 1 L6 204
oo = Voo 2230978 « 230979 « 230948 « 230371 « 230

PV «012076 »012046 .011986 «014345 016

Yore AY: AT aY aT | ax at | ay
. | |

T (°K) x 10*4 x 10" mag x 0% mag | x10™*  mag | x 10
8o 8120,0 203 13 .9 10 | 29 16 | 3.7
70 ‘ 6254.,0 0.1 1 =069 -5 1.0 6 L5
60 L')-‘-3900 106 9 Oo 2 1 20 5 1&- 30 3
50 27&20 8 "00 1 "‘1 "‘lq 3 "’8 Oo 3 2 O. 2
lLO 1285, 1 "003 "'2 -102 "9 -007 ) '-5 0.0
30 . 22L7 0.3 3 0.0 - | =0.1 -1 | -0.1
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errors at 54,
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ara likely to be mainly the result of differences in the
various ges thermometry measurements, That this is also true
for the present case is shown once agein by the good agreement
between T8 and L6 which had been noted already in Table 12
and =lso by the good agreement below 60° which should be
expected since Fige 4 shows that the relations between w =~ T
scales are much smoother in this region than e2bove 509,

It may be added here that sn extension of the 1ITS
to at least 54°K should be feasable without much delaye
Eauation (16) hes now been successfully tested over this renge
for a sufficiently lerge number of instruments and it would
only be necessary therefore to egree on an acceptable Yop
scale and to fix suitable limits for the ratio wss/wgge WEth
regerd to the experimentel procedure for the realisetion of
the triple point of oxygen it would seem that satisfactory resulte
ought to be attainable by adepting the method suggested by
Michels et ale (1957) for the realisation of the triple point
of argon, the cooling could be effected in this cese by pumping
over solid nitrogen which was the device utilised by lismen end

Keesom (1935) for the realisation of the triple point of oxygene

(iii) The Range 27° to 149K,~ Here us before the limit 27°
will not be strictly adhered to and this agein to make use of
the present measurements at 54°K, especially eince hardly any

of the published dgta include reliable messurements of wy e






(a) The ven der Leeden - Hoge approach, Figures 22 =~ 24 have been
drawn to illustrate the degree of success to be expected from
method 8 such as that suggested by ven der Leeden (see IV,iii)o
This method demends in effect that et any temperature T the

ratio (w - w; )o/z should be constent for all thermometerse

For the present purpose, ratios were fixed at 15°, 20° and 54°

by using

(wle = (oedy,

(W20 = (W 2)m,
thermometer C being chosen beceuse it has the highest published
4.2 velue of those resistors for which <« > 0,00391 but
unfortunately its w = T table does not go below 15°K, Those
ratios, however, fit none of the other instruments and it is
in fact clearly impossible to define & ratio such that it would
be common or nearly common to more than two of the thermometers
shown in Figure 2%,

In order to obtain some additionel information V.2
wae now calculated for thermometers L3, L6 end L1O using their
published Wig values end substituting them in the ratio &8 de-
fined by Figure 22, Obviously, L6 alone gives a reesonable fit
at the other two temperatures, the devietion being equivalent
to & few millidegree only, However, a check revealed that
these deviations ere rather grester betwsm 20° and 54°
reaching the equivelent of 0,02° neer 30% This is not sure

prising in view of the argumente in (i)b above bearing in
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mind that thermometer C has an « of only 0,003915, The deviations
could then be reduced, by excluding thermcmeters having <. < 0,003920,

Unfortunetely, the aveilsble date is insufficient to
test van der Leeden's method under these restricted conditions for
clearly to base the retio on CT1S5 and CT18 ies uselesse An attempt
was made to obtain additional data from the NeBeS., Washington, but
it met with no response,

information published by Hoge (1950) is relevent here,
however, for Hoge's method is essentially esimilar to that of van der
Leeden's, This was discussed in IV, iii, above when it was also stated
that Hoge was able to select seven insiruments which after celibration
et 13,813°, 20.273° and 54,363° respectively yielded & common scele
within a few millidegreee Although he did not state how many other
thermometers failed to fit this scele end by what margin, his advocacy
of the method would imply that the number of feilures could not have
been significently grester than the number of successese

Unce sufficient thermometers have been calibrated st 4.2°K
a8 well es above 14°, it would not be very difficult to discover whether
e sufficiently great proportion of them would satiefy the van der
Leeden = Hoge methode Algebraicelly, eince for each instrument

We= W4 W o 1+ ‘T) (19)

& which depends on temperature only and is equal to ven der Leeden's

constant in equation 15, will be given by

wp = w'p
o (20)

W2 ="

‘lr -
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and rust be the same for every selected thermometers

(b) The vsn Dijk Approach, It is evident from the results of the
experimental work reported in Section VI, that deviations from M.Re
canngt dspend only on T but depend slso on z or even on Wy and ze
The latter cese is implicit in van Dijk's equation 15 end is
supported by theory (see III, iv)e From the standpoint of stendard
thermometry it would go too far, however, to ellow for ell these
deviations, Attempts to do so were made during the present work but
were abandoned for no methods appeared to be availeble to determine
the necessary corrections in a reasonably convenient end reliable

menners

(c) Thermometers with very high & veluese The refinement of
platinum metal hes reached such & high standard to-=day that wire
is readily obtainsble having &> 0,003945, This means, of course,
that for such wire residual impurity concentretions are very low
end consequently deviations from latthiessen's Rule closely similer
if not identical,

‘Thet this is true at least in some cases is shown by the
example of CT15 and CT16 (Tables 5 end 10) end also by Los and
Morrison's thermometers Tl, T2, T3 (FigeS)e It may even be true
for CT15 and Ch6 although the difference wymig = Wone is several
times es greet es the difference Yorys = Yore® There is, however,
en element of uncertainty here since CT15 and Ché were celibrated

with respsct to different gas thermometry scaless



On the other hand, Los and Morrison®s results also show
thet deviationg from MyRe cen differ significantly even for thermometers
having < > 0,0039255 (see Fige 5, T4 and T5)e This would not be serious
if there were good grounds to believe that the pattern of deviations
observed by Los and Morrison would be followed by & large mgjority of
t hermometers which mey not be true, however, and is certainly not true
for CT15 and T4 (see Figel6)e The different pattern no doubt is due
to the fact that while & ;g > QCTls > dmr4 a comparigon between
w velues at 18°K (wyg was not recorded below 18°) showed that at this
temperature '0'1‘15 > Wyg 2> Wip, o

It is true, however, that in general the changes in the
dpviations from MeRe teke place almost linearly and monotonically over
femperature intervals contained within potential calibration points
such a8 the boiling pointe of nem and hydrogen where a w could then be
eveluated with respect to an agreed standard eceles For exumple, if the
TS scale is chocen as standerd and compared with the T4 scale so that

A W= Wyg = W, then Aw equals 0,66 x 10™% at 20° and close to 0.60
x 10~4 et 27° and values of & w obtained by lineer interpolation
between these figures differ from memasured a w velues in this renge by
at most & little over 0,01 x 10-4 corresponding to at most e little
over 0.0018

Evaluations of A w on the assumption of linearity between
20° and 27° would then certeinly be successful with the Los end Morrison
thermometers (see Table 5)e Unfortunately, no other suiteble w - T

tebles are aveilable for trial since Ch6 wes celibrated on a different
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ges thermometry scele while data for CT1S teken from Fige, 16 is not
gufficiently relisble other than below 20%

Since wpg = Wp, reaches & minimum of about 0¢35 x 10~
neer 45°K and then rises agein to about Oe4 x 10~* et 54° calibration
at 20° and 54° would lead to less accurate interpolation welues but
even then the error would be small st least on the present case and
in terms of temperature differences for st these higher temperatures
dw/dT is also very much greeter than nearer 20° (see Fige 1)e

Below 200 this procedure for the evaluation of A w

is less satisfactory Lecsuse of the incressing smallnees of dw/dT
especially since near 15° there occurs another relative shift in the
differences between dw/dT values of thermometers with differing
impurity contents (see Fige20),

‘“his is not really serious in the present context for a
cryostat suitable for thermometer calibration near the boiling point
of hydrogen cen readily be made to serve for the entire liquid
hydrogen renge, It would then be most convenient to end the platinum
scale at or near the normel boiling point of equilibrium hydrogen
(2042739K) and define the ITS down to the triple point'(13.813°x)
or possibly even lower in terms of the vapour pressure - temperature
relationship of equilibrium hydrogene A suggestion to this effect
elreedy wes put forward by the Nationel Bureeu of Standards (Procese
Verbaux 1948) and again by Los and Morrison (1951)e

It would seem rather pointlese to transfer from the

vepour pressure thermometer scale to the platinum thermometer scale
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when the former is in general more accurately reproducible than the
¥ tter and moreover, can be represented by a relatively simple
formla (Wooley et &le 1948)s The platinum thermometer is, of course,
more convenient to use and, therefore, it would be logical to ree
commend it &8 the appropriste secondary standard instruments

The procedures here described should produce an accurately
reproducible celibration but there are several qualificeationse
Firstly, it will be necessary to agree on a stenderd platinum scale
extending from 90° down to 20°K, It has been suggested by the Chambre
Centrale des Mesures, UsS.S.Re (Proces Verbsux 1954) that an "ideal"
pletinum scele should be constructed for such a#urpose. Obviously,
this can be done only by extrapolation and, therefore, can be underw
teken with confidence only in & situation where incregses in purity
are accompenied by strictly monotonic changes in the property to be
extrapolateds So far there is no conclusive evidence for such monotonic
changes (see Figel8B) and this leaves agreement on a standerd seale
such as the Ch6é scale or the PT8 the only practiceble elternatives

Secondly, it would be desirable to use the boiling point
of Neon rather than the triples point of oxygen s en intermediatg
celibration pointe The boiling point of Neon would then have to
becone ons of the fundemental fixed points of the ITSe Since so far
relatively little work has been done on this point (the le test
summary which could be found is that by Hoge 1941) it remeine to
be established that it cen be reproduced to a similar order of

accuracy 8 for instence the boiling points of oxygen or of
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equilibrium hydrogen and this without unduly greater experimental
difficultiess

Thirdly, egreement would have to be attained concerning
the equilibrium hydrogen vapour pressure scele. To ensure
continuity it might be found edvisable to base this vapour
pressure - temperature relationship on the same gas thermometry

scale used to establish the standard platinum scalee



VIII. CONCLUSTIONS,

The present work leads to the following conclusionssg
Extension of the ITS can be relatively most easily mccomplished by
basing the ITS on a selected 8tandard Platinum Scale (SPS) since
simple and precise procedurss are available to relate the platinum
scales generated by individual thermometers to the SPS, This
contrasts with the procedure adopted above 90°K where the
temperatures of a few fixed points only had to be specified,

With regard to limits to the purity of the platinum these
limits must be so selected that they not only exclude all ther=~
mometers other than those having & specified maximum in their overe
all impurity concentration, but also all thermometers containing
impurities of a kind which would cause their w = T scales to deviate
significantly from the SPSe

At present the most suitable scale for adoption as SPS is
that determined at the Chambre Centrale des Mesures, U.R.S.8, (1954),
Such a scale, and, thersefore, the proposed extension of the LTS,
could be reproduced to within a few millidegree (this being similar
to the order of reproducibility of the LTS between 90° and 2739K) by
adopting for each thermometer (wp) the following proceduress
(2) with the normal boiling point of oxygen (90.190°K) and the

normal boiling point of Neom (27.,07°K) as fixed points, the SFB
(YT) could be reproduced using the so-callsd Cragoe function
in the form

Wr = Won,07
YT = PR

¥90,190 = %27,07
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(b) from the normal boiling point of Neon to the normal boiling point

of equilibrium hydrogen (20, 273°K) the SFB could be reproduced

by determining Aw = wyp = Yy at these two fixed point# whereupon

a w values at temperstures between these points could be obteined

by lineer interpoletions

The stipulated degree of reproducibility could be achieved

only, however, if (1) all calibrated thermometers have ¢/‘4.2 velues
felling within limits to be specified with due regard to the propewties
of the SPS, The ratio d¢%4.2 could poseibly be replaced or just
supplemented by 'zo/hgowhich could be determined without the need for
en additional calibration pointe
(2) with regard to calibrations between 90° and 27°, there is no
conclusive evidence so far thet present ITS requirements concerning
the purity of the platinum must be tightenede Nevertheless, reising
the minimum permisseble value for 4. to 0003920 should certeinly prove
a greater sefeguard for a setisfactory reproducibility of !T then is
the present minimum of 0003910
(3) for the range 27,07° to 20,273° ¢ gtisfectory reproducibility cen
be ensured only if all thermometers to be calibrated have values
within about 1 part in 10* of the SPS, With the la tter beeed on the
scele of the Chambre Centrale des Mesures, UsR.8.8. or a scele
determined with a thermometer of similarly high purity as the Russian
instrument Ch6, thie requirement could be most safely satisfied by
stipnleting that instruments to be calibrated should have & > 0,003925,
although the question of &n upper limit to & may have to be

considered in due courses
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It is concluded that using the procedurss hers
described, the SFS is sufficiently easily and accurately ree
oroducible to justify its use for the extension of the ITS down
to 20%K.

Below 20° a scale based on the vapour pressure-gemperature
rolationship of equilibrium hydrogen can be reproduced more
accurately than a platinum resistence scalee Moreover, this
vapour pressure-temperature relation can also be more convenisntly
formulated than the w = T relation, Consequently, the P8 should
be endad near 20° and the ITS could then be based on an equilibrium
hydrogen vapour pressure scale which could extend down to the
triple point (13,813°K) or even a few degrees lower, To ensure
precigze continuity with the SFB it would be advisable to base
the vapour pressure scale on the same gas thermometry scale as the
SPSe The platinum resistance thermometer could, of course,
be recommended as & suitable secondary standard instrument certainly
down to 149K and it would then stand in a somewhat similar relation
to the vapour pressure thermometer as does the mercury-in-glass
thermometer to the platinum thermometer in the range = 35° to
‘about 400°Ce

To obtain at least some improvement over the present
situation and this with as little delay as possible, the 18
could be extended in the first instance to the well~-established
temperature of the triple point of oxygen (54.363°K)e For this

purposa only that part of the proposed SPS is required which can
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be reproduced by the thoroughly tested relation

WP = ¥54,363

I‘l‘ =
%90.,190 ~ ¥54,363

A Y& scale for this range could be defined for instance
by @ combination of the Provisional lemperature Scale of the
NBS and the Russian scales It should again be advisable to
specify & > 0,003920 and furthermore, definite limits should
be fixed for the ratio Wy, ,o0/Wsy 363 t0 exclude thermometers
which develop irregularities in their w - P sceles only

below 90°Ks
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THE PARA AND ORTHO MODIFICATIONS OF HYDROGEN AND THEIR EFFECT

ON PRECISION THERMOMETRY IN THE HYDROGEN RANGEe

(i) Intreductione= Molecular hydrogen ie not & homogeneous gas but
e mixture of two species known respectively as para~hydrogen (p-ﬂé)
and ortho-hydrogen (o-Hz). Although the ratio between these two
modifications (when in thermodynamic equilibrium) is & single
velued function of the temperature, sny given mixture can exist

for long periods (compared to the time taken for most experimental
work) in a metesteble state at very much lower (or higher)
temperaturese, Since the two species differ in meny importent
physicsal properties, including their vapour pressures (see FigeAl)
this just menticned characteristic of hydrogen is of considereble
gignificance to low temperature thermometry and in particuler to
the present project which is based on the temperature scale defined

by the Vapour Pressure - Temperature relationship of equilibrium

hydrogene

(ii) Theorye.= The existence of molecules of para— and ortho~hydrogen
was first inferred from quantum mechanical ressoning by anslogy
with h elium atoms:; the spin properties of the electrons of the

helium atom being paralleled by those of the protons of the

hydrogen moleculess These spin properties lead to two distinct

statess perallel spins leading to the ortho states and enti-

parellel spins to the pare stetess Since easch proton hes & spin
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Figure Ale Changes in the vapour pressure of equilibrium

hydrogen (E-H;) due to contemination with orthos
hydrogen (after Wooley et ale 1948)e

of half a unit (%h/?TT), the total spin in the former cese will be

unity and zero in the latter case. Moreover, since the states of

entiparallel spin are represented by the symmetricel solutions

of the Schrodinger equation for the molecule, such molecules have

even rotational quantum numbers (J= 0, 2, 4...) the states of perallel

spin, on the other hand, are represented by the sntisymmetricel

solutions so that the corresponding molecules have odd rotetional

quantum numvers (J=1, 3...)s As the temperature fells the molecules

must pass into the pura stultes which include the state J= Qe



At any temperature T the thermodynamic equilibrium for

each state is given by the Boltzmann distribution law
- E(Y

where Ny is the fraction of N molecules in the state J, E(J)
the energy of this stete and P; ite statisticel weighte If the
p-Hy and o=H, molecules have concentrations cp and co res

spectively, then, in equilibrium

-E(3
_C_& o, aizveu PQ e kT

The graph in Fige A2 shows the value of this ratio (expressed
as the percentage content of p-ﬂz) ag a function of the temperatures
However, thermodynamic equilibrium distributions below room
temperature can be attained with reasoneble speed only in the
presence of suitable catalysts which means that the transition
AJ= %1 is ordinarily prohibited (Dennison 1927)e It is this
characteristic of the mixture which is respongible for come
plicetions during low temperature vapour pressure measurenentse

Experimental evidence for the existence of the two
species was first published in 1929 by Bonhoeffer and Harteck
(Farkes 1935; this book, which is still the standerd reference
on the subject of hydrogen modifications, will hereafter be

referred to as "Farkes" )e This evidence furnished a striking
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confirmetion of the correctness of quantum theorye.
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Figure A2 The p--Hi concentration in hydrogen as
& function of Temperaturee

1{iie Ortho-rares Trensgitionsee= (&) Spontanecus transitionse Although
the transitionaJ= *1 is nominally prohibited, this prohibition is
reslly effective only in the gas phese (and at moderate pressures)
where the half-life time of & mixture subject to non-catalysed
orthow=para conversions is of the order of three years. These rare
conversions ere brought about by (1) direct transitions between the
two levels caused by internal radiation, (2) adlieions with other
hydrogen atoms or molsculee, (3) spin reversals due to the inter=
action of the magnetic moments of the protons and molecules
(Amphlett 1947),

Gaseous mixtures of the two species are virtually stable
therefore even if their p-H, concentration is not in equilibrium
at the given temperature of the gase In particular, the room

temperature mixture which contains 25 per cente p - Hy (see Figeh2)
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and is commonly known as normal hydrogen (n=Hy) ie stable for
the purpose of most experimental work at lower temperatures,
These facts led to meny difficulties until Lennison recognised
their origin (see A, Farkes, ppe33/34)e

The frequency of occurrence of processes (2) and (3)
above, incresses markedly with particle densitye, Therefore, the
rate of conversion ig enormously accelerated after condensation
(Cremer snd Polanyi 1933), Keesom et ale (1931) found that the
boiling point of hydrogen decreesed at an average rate of sbout
0,0008°C per hour so that the p=H, concentretion must incréase
by about 0s5 per cente per houre (As shown in Table Al, the boiling
points of normel and equilibrium hydrogen differ by about 0,129K)
It follows that high precisgion in hydrogen vapour pressure
thermometry cannot be realised unlese the stability (end composition)
of the liquid in the vapour pressure thermcmeter bulb has been
ensured by first catalysing the normel hydrogen to the equilibrium
mixture for the liquid state (998 per cent p-H,).

It must still be mentioned that 209K equilibrium
hydrogen (e-ﬂé) at room temperature is far less stable then
gaseous normel hydrogen near 209K, the probability of & para-ortho
conversion being about three times larger then that of the reverse
reaction (A, Farkas, Pe66)e This means that 200K e-Hz stored at room
tempereture must be used within a few weeks after preparstion if the
p-H, content is not to fall much below 99 per cente During storage
the geas must be carefully protected from moisture and paremegnetic

substances (see below)e
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Table Al. Boiling Points and Triple Points of the
Hydrogen Modificetions (from Wooley et al, 1948)

Modification ‘f'empe Point or Vape Presss

%K. State mm, Hge

n - H 20439 boiling 760

e - Hy 20639 liquid 787

e ~ H, 20,27 boiling 760

n - H2 13,96 triple 54,0

e - Hy 13,96 liquid 574

e - Hy 13.81 triple 52,8

(b) Catalysed transitions, The conversion process can be very much
accelerated by the use of suiteble catelystees Such catalysts must
have two specific properties, Firstly, they must be good absorbers
of hydrogen for the molecules of the absorbed gas will then be
relatively closely pecked in the surface layers of the catalyst
which facilitetes the interchange of atoms a&s well as magnetic
interactions, Secondly, the surface of a good catelyst should also
be paramagnetic for the perturbations caused by the extremely
inhomogenous magnetic fields of the paramegnetic moleculee or ions
have the effect of partially'removing the transition prohibition
(A Farkes, p.79)s The catelytic efficiency of charcoal at low
temperatures is due largely to ite excellent adsorbtivity although

ite surface is elso slightly peramegnetic (Taylor end Shermasn 1932)



reramegnetic substances like magnetite (F9304) which ere not good
adsorbents or good adsorbents which ere dismegnetic as lenthanum
oxide (I.bos) are far less efficiente Un the other hand, neodynium
oxide (Ndzus) used for the present work, which is a good adsorber
as well as strongly parsmegnetic is e considerably better cetalyst
than charcoal (Taylor and Liamond 1933 and 1935)e

More recently very efficient catalyste have been
developed by the Cryogenic kngineering vepartment of the National
Bureau of Standerde (Grilly 1953b) which are nov aveilable
commerciellys The substances used consist of chromium and aluminium
oxidese ‘'his work was prompted mainly by the desire to reduce
evaporation losses when storing liguid hydrogen (Larsen et al, 1948),
the losses being due to the liberation of the heat of conversion (see

below)e

(iv) The Measurement of the Pare Content of Hydrogenee The progrees
of conversion frem normel to equilibrium hydrogen is most conveniently
checked by thermal conductivity measurements since for constant

mess and viscosity (as given in this case) the ratioc between the
thermal conductivities of two gases is proportionel to that between
their specific heats &t constent volume, In this case the specific
heat of para hydrogen ie merkedly higher than thet of ortho hydrogen,
the difference reaching a maximum between 160° and 180°Ke Using

the Schleiermacher hot wire method with the cell submersed in

liquid nitrogen, Bonhoeffer and Harteck (1929) showed experimentelly

thet in these conditions the resistence change of a platinum wire



heated by a constant current happens to be almost exactly proportional
to the change of the p-H, content of the hydrogen in the cell,
Measurements with normal hydrogen in the cell and with a second known
mixture are sufficient, therefore, to calibrate such a gauge for the
entire range of pwﬂé concentrations, By operating the wire between
1600 end 1809K the sensitivity of the method is such that ree
sistence measurements to 1 part in 1000 are sufficient to determine
the p~H2 content of the hydrogen ssmple in the cell to 1 per cente

Grilly (1953a) suggested a modfificetion in this method
by connecting two cells (matched Pirani geauge tubes) into opposite
arms of a Wheatstone bridge circuit and measuring the out~ofebzlance
current for a constant bridge current as the p-ﬂé content in one of
the celle is increased; the other cell remaining filled with n-i,.
Hie too submerged his cells into liquid nitrogen to keep the
temperature of their walls constant and filled them to & pressure
of 40 mm of mercury for &t this level pressure changes up to * 1 mm
hsve no noticeable effect on the out-of-belance currente

Because of its simplicity, Grilly's method hes been
adopted for this present work (see V(iii) A above) although it
suffers f rom the disadveantage of non-lineeritye The reason for
thie ie likely to be two-foldg firstly, the resistance of the
hot wire in the para enriched cell changes by more than 5 per cente
for the total range of p-il, changese But sincey the bridge current

is constanty, the potentiel drop across the bridge must vary
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accordingly which, in turn, will affect the out=of-belance current,
Secondly, the decrease in the resistance of the bridge arm conteining
the cell with the para-hydrogen (which hes the higher thermal cone
ductivity) increases the current in this arm end thereby its temperature
and once this temperature exceeds 180°K, the sensitivity of the apparatus
will decrease (see abe¥e)s This last named effect could be reduced,
of course, by an appropriate reduction of the working current but
this could require the use of more sensitive meters and so detract
from the simplicity of the espparatus without gaining complete
linearity because of the contirued operation of the first nemed
effecte

T'he cells are calibrated by catelysing hydrogen neer
77°K (50 per cents p-Hp) in a charcoel trap cooled by liquid
nitrogen (3 in Fig. 10) and near 209K (99.8 per cents, p-H) in
the neodynium oxide tube situated in the cryostat (13 in rig.l2)
The normel hydrogen is drawn from a 2000 ml storege bulb (4 in Figelv)
Before every reading the bridge zero is checked by filling both
cells with normal hydrogene ‘The calibration curve is reproduced in
Fige. A3,

An idea of the difference in the conversion efficiencies
of the two catalysts is given in Fige A4, where the progress of
conversion on each of them is shown as & function of timee Although
for the given experimentel set-up the conditions for conversion are
more favourable in the charcoal trap than in the Nd;0; tube, the
velocity constant k for the conversion on charcoal is less than 15

per cent, of that on Nd,03 where k is defined by the equation
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Py = Pae = (Pp = Pes)y X
Pos P> Poo being respectively the p=H, concentrations at the
beginning of the reaction, after a time t and at the end of the

reaction, i.6s on reaching equilibriume

100;
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Figure A3e Calibration curve for the Grilly cellse

Before proceeding to the use of a catalyst several
precautions have to be observed, Catalysts such as charcoal and
neodynium oxide must be thoroughly beked in vacuume For the
present work they were baked at about 440°C for some 6 hourse To
keep the surface of the catalysts "clean", they are then meinteined
in an atmosphere of hydrogen which has been carefully purified
particularly from traces of oxygen and moisturee Oxygen is &
paramegnetic gas and as such, in proper circumstances, an aid to
conversione, However, if admitted into the system at temperatures
mach above 90°K it will react with most catalysts and so lessen

their offectiveness (Bonhoeffer et ale 1933)e
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Figure A4, Conversion rates on charcoal and Nd203.

Finally, during the progress of a conversion, steps
must be teken to absorb the resulting heat which, for a complete
change from n-H, to 20°K e-H, emounts to over 320 cal/mole
(Giauque 1930), Hence, the neodynium oxide tube in the cryostat
mist remein below the liquid hydrogen surface during the progress
of the conversion, otherwise the liberated heat may raise the
temperature of the catalyst above 20°K which would result in a

decrease of the p-Hy content of the hydrogen (see FigeA2).
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tions.

A platinum resistance thermometer having the resistance Ry

at a temperature 7 and the resistances R, and R;q, at the

freezing and boiling points of water respectively, defines a

so-called platinum temperature 7p, in accordance with the

relation

; ~ 100(Ry — Ro)
Rioo — Ry -

Tp, is corrected to International Temperature 7" by means
of the Callendar equation

ron (DI g

TPt (] )

100

the value of the constant & being determined by a thermo-
| meter calibration at the boiling point of sulphur.

Obviously, only T, as defined by (1) is affected directly by
_errors in resistance measurements and because of the form
of (1) the effect of such errors will vanish, provided they are
(a) the same for every resistance reading, or (b) proportional
to every resistance reading. In addition they must be repro-
ducible during a thermometer calibration and subsequent
series of temperature measurements. The resistance bridge
{must, therefore, be free from drifts or fluctuations during a
(time interval sufficiently long to cover these measurements,
%or means must be avilable to measure these fluctuations so
|that they can be allowed for in any subsequent calculations
of temperature.

i

|

I

| ERRORS ARISING FROM THE SMITH BRIDGE
BALANCE EQUATION

The circuit diagram of the type 3 Smith bridge(" is given
iin Fig. 1(a) and reference to this figure will explain the
'symbols used in the analysis below. Its balance equation is

bLZ (Q +L3_a+Ll> 3)
a —{' b + Ll -+ L2 S b
which, subject to the conditions,
(l) Ll i LZ R L35
(]l) Ll +L2<a+b,
i 0+ R
S — R’

R
P=§(Q+L3)—|—

(iii) g

reduces to P gQ 4)
. Lead resistances are, in general, less than 1 {2 and can be
made equal within 0-19% using the bridge itself for this
comparison. This is adequate to satisfy condition (i).

]iMaximum allowable lead resistances to satisfy condition (ii)
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A simple calibration technique for improving the accuracy of a
Smith resistance thermometry bridge

By G. C. LoweNTHAL, B.A., B.Sc., A.Inst.P., Defence Standards Laboratories, Department of Supply, Melbourne,
Australia

[Paper received 23 November, 1956]

The Smith resistance thermometry bridge (type 3) used at Defence Standards Laboratories is
subject to irregular drifts which cause errors exceeding +0-002° C between 0 and 100° C and
+0-01° C at 630° C. These errors cannot be dealt with successfully by potentiometric calibra-
An analysis shows, however, that provided certain conditions are satisfied, an external
decade of stable 10 Q resistors can be used to reduce the errors to +0-0005 and +0-001° C
s respectively, since the calibration is sufficiently simple and quick to be repeated as often as
required.

were discussed by Gautier.?> To check on condition (iii), the
bridge is connected as shown in Fig. 1(b) and if it balances
for all values of Q and a, (iii) is obviously satisfied. In
practice, there will be a small out-of-balance current due to
the fact that bridge resistors will invariably differ slightly
from their nominal values. Hall® gave some numerical

Fig. 1.

The Smith bridge circuit
(a) Connexions for resistance measurements; and (b) con-

nexions for the a/b ratio test. S = b = 1000€2, R = 10 Q,
a = (Q + 10)/0:99 Q, Ly, L, L3, Ly = thermometer leads.

data of the effect of such errors on calculated temperatures.
For the present purpose, a more general treatment will be
adopted. Equation (3) can be written in the form

R

IR
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d if L; = L, = Ly = L (say), then

ShL

=L
& +R(a+b+2L)

(Q;—L__a—FL)

; (5)

If (iii) were attained, the magnitude of E would depend only

a that of L and normally would be less than 150 uf2: an
‘ror which is sufficiently small to be neglected. In fact (iii)
ill not in general be attained as that E will depend on the
alues of its components Q, a, b, S and R. The variation
E can be determined by partial differentiation of E with
sspect to these components:

L
AE = R72{bA AQ — [6(Q + L) + S(b + L)]Aa +
+ [(@a +2L)(Q + L) + S(a + L)]Ab — A(a + L)AS —
— [6(Q + L) — S(a + L)]%AR} (©6)

‘here A —=a + b + 2L and AQ, Aa, etc., are independently
e_termmed corrections. For a reasonably well adjusted
ridge, AE will be so small relative to Q (see Table 1 below),

Table 1. Subsidiary ratio corrections

Q arm setting, Q AQ, Q Aa, Q ATE
500 0-040 0-025 0-001
10 x 100 0-070 0-045 0-001
1 x 1000 0-512 0-153 0-018
2000 0-862 0-210 0-022
2500 0-900 0-220 0-019
3000 1-195 0-200 0-025
3500 1-220 0-210 - 0:022
4000 1-475 0-150 0-026
5000 1-830 0-190 0-027
6000 2-180 0-230 0-028
6700 2:210 0-270 0-025
7000 2-580 0-255 0-029
8000 2-915 0-240 0-030

hat its determination to the nearest 5% will, in general, be
|uite sufficient. Since L is very small relative to the other
esistors it can be neglected in comparison with @, b and Q
n (6). Nominal values can be used for 5 (1000 £2), S (1000 £2)
ind R (10 ), and the term involving AR can be omitted

ince it is negligible compared to the other terms. Hence (6)
yecomes
100L O -+ 1000
N e N g e Uit
a+looo< 0 a+1000A">Jr
al Q -+ 1000
_+_ e A
A 10(a + 1000)( -+ 1000 Ap AS)
ivhich can, in turn, be reduced to
100L : QL
| g 10002 = 49 T g w00y 2 A9 @

i

it least for temperature measurements above 0° C where a
ill differ from Q by less than 2 %.
In the D.S.L.’ bridge Ab — AS has been approximately
-1 Q for the last eight years, which means that for Q values
orresponding to the temperature range 0° C to 500° C and
r a lead resistance of 0-5 €2, the contribution of the final
rm of (7) to AE varies from about 0-003 to 0-005 C2.
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Since the resulting errors in temperature measurements are
negligible, (7) can be finally simplified to
100L

et sl OO N 8

0T 1000( 0] a) ®)
AQ and AE will be the only remaining sources of error
which might affect calculated temperatures significantly.
Hence, instead of (3) reducing to (4), it reduces to

AE

P= g(Q + AQ + AE) ©

where AE is defined by (8).

Values of AE/L for the D.S.L. bridge are shown in Table 1.
They have changed very little during the last four years, as
might be expected, for the Q and a coils have similar drift
rates. Values of Aa are determined from the out-of-balance
current measured during the a/b ratio tests.¥ The measure-
ment of AQ has yet to be discussed. Even if lead resistances
reach 1€), the errors in temperature measurements caused
by the values of AE/L given in Table 1 are less than 0:001° C
at any point within the platinum thermometer range, and
less than 0-0005° C within the fundamental interval.

FURTHER SOURCES OF ERRORS IN RESISTANCE
MEASUREMENTS

There are other sources of errors in resistance measure-
ments, such as inadequate temperature control of the bridge
coils and inadequate insulation resistance. They can be
checked relatively easily and will not be discussed here.

Errors due to changes in the resistance of the contacts of
the decade switches can become significant notwithstanding
the 1/100 ratio arms. To avoid these errors, the switches
must be kept scrupulously clean from sludge which is con-
tinuously formed around them by oil spray from the constant
temperature bath mixing with small metal particles resulting
from the movement of the brushes. If this sludge is allowed
to accumulate on and between the contact surfaces, it can
cause irregular variations exceeding 0-01 €2 in the sum of

~ the contact resistances and can also lower the insulation

resistance between the Q and @ arms. For this reason, the
switch contacts on the D.S.L. bridge are cleaned with toluol
at monthly intervals. If the switches are clean, several rapid
sweeps over all ten contacts will leave the bridge reading
unaffected.

Short term fluctuations and drifts in the resistances of the
bridge coils constitute the most serious obstacle to the
realization of precision measurements. They are most
noticeable in the 1000 ) resistors but are also apparent in
the 100 € coils. (It would be necessary to take special steps
to detect fluctuations in coils lower than 100 €2 since they no
longer exercise any significant effect on total bridge resistance.)
Consequently, it is often impossible to make accurately
reproducible readings even from day to day and, in the
absence of means for either preventing or monitoring these
resistance fluctuations, temperature measurements cannot
generally be made to much better than +0-002° C even within
the fundamental interval.

THE USE OF A DECADE OF STABLE 100
RESISTORS FOR SMITH BRIDGE CALIBRATION

The problem of bridge resistance fluctuations could be
solved by redesigning the bridge!> or by replacing the relevant
bridge coils. Either method, however, would be very
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Table 2. D.S.L. Smith bridge: Q arm calibrations

costly and could hardly be applied to an existing bridge.
Instead, the D.S.L. bridge is simply and quickly calibrated
when required, sometimes before every reading, by using it
to measure a decade of stable 10 manganin resistors.”
Although such a procedure permits a check only on the
1000 Q coils and the sum of the 100 € coils, these relatively
few measurements will result in a satisfactory calibration,
provided the following conditions are satisfied.

(1) It must be possible to establish a sufficiently accurate
relation between the correction for each 100 €2 dial
setting and that for the entire 100 {2 decade.

(2) Significant errors in the lower four of the six Q arm
decades must be proportional to corresponding
resistance readings or equal for all such readings.

(3) Significant errors due to the a/b subsidiary ratio must
satisfy the same requirements.

Condition (3) has been fully dealt with above. To establish
(1) and (2), it is necessary to fully calibrate the bridge pre-
ferably more than once during the first few years of its life-
time. Some results obtained during two full calibrations of
the D.S.L. bridge are shown in Table 2(a). They are given
for the three higher decades only. The resistors of the three
lower decades, namely the 0-01 £, the 0-1 Q2 and the 1 Q
decades, have at no stage deviated significantly from their
respective nominal values. Concerning the higher decades,
Table 2(a) shows that the small errors in the 10 coils
remained adequately stable and it should be safe to assume
that this behaviour is still continuing. The resistances of the
100 € coils measured in 1951 were very nearly proportional
to those measured in 1947. Table 2(b), which gives examples
of results obtained with the new calibration method, indicates
that this proportionality has been preserved. Since the total
correction for this decade can be readily determined by a
measurement against one of the 10 (2 calibrating resistors,
corrections for each coil can be deduced from the results of
earlier calibrations, or, more simply, by assuming that every
coil of the decade has the same correction, namely one-tenth
of the measured decade correction. Table 2(a) shows that
correct values would still be obtained for some of the dial
settings, and that the error for any other setting would not
exceed 0:0005° C.

Since the R/S ratio will never be exactly 1/100 and since
the a/b subsidiary ratio also has a slight effect on results,
corrections obtained by this method differ from those which
would be obtained by a direct potentiometric calibration of
the Q arm. However, any changes in the R/S ratio affect
all bridge readings by exactly equal proportions, while, at
least in the case of the D.S.L. bridge, the AE term of (9) and
other error terms that have been mentioned are either small
enough to be virtually proportional to these readings or are
virtually constant. Hence, provided thermometers are used
for which L is less than 0-5 £ and provided reasonable care
is taken when this new calibration method is used, the sum
of the various errors originating in the bridge will not cause
errors in temperature measurement exceeding those given in
the summary, which are, in the large majority of cases, small
enough to be neglected in comparison with other errors to
'which temperature measurements are subject.®
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‘(a) Potentiometric method

Relative accuracy +1 p.p.m. or +0-001 Q

Resistance at 30° C (in absolute ohms

1947

1000-627
200109
300152

4001 -94
5002-43
6002-91
7003-34
8003-91

9004 -31
1000478 1

100008
200-027
300:037
400060
500-081
600-104
700-124
800-135
900150
1000-162

10-001
20-002
30-003
40-004
50-005
60-005
70-006
80-008
90009
100-010

(b) New method

Relative accuracy +1 p.p.m.

Resistance at 30° C
January 1955 . April 1955

1000-504 1000516
2000-843 2000-869
3001-174 3001-202
4001-443 4001-486
5001-786 5001-841
6002-124 6002-190
7002:52 700260
8002-84  8002-93
9003-14 9003-24

10003-44 10003-55

1000-064 1000-077

1951
1000-540
2000-90
300123
4001-52
5001-90
6002-28
700266
8003-04
900341
0003-78

100-007
200021
300-028
400-043
500-061
600-079
700092
800099
900109
1000-118

10-001
20-002
30-003
40-004
50-005
60-006
70-007
80-008
90-009

100-010

July 1955
1000-524
2000-885
3001-224
4001-517
5001-882
6002-242
700265
8002-99
900331
10003 -64

1000-084
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The damping effect of surrounding gases on a cylinder in
longitudinal oscillation

By M. T. BRownE, B.Sc., A.R.C.S,, and J. R. ParTisoN, B.Sc., Ph.D., A.Inst.P.,* Department of Physics, Imperial
College of Science and Technology, London

[Paper received 17 May, 1957]

The external damping influences on a longitudinally vibrating cylindrical bar are examined

quantitatively.

Experiments undertaken to confirm the theoretical estimations indicate a

possible precision method for the determination of gas viscosities.

In a number of methods used for investigating internal
damping in solids, the specimen is in the form of a cylindrical
bar supported at a node of vibration so that it is able to
vibrate under free-free conditions. Under such conditions,
external sources of damping are present in addition to that
under study. These are (@) viscous damping along the
cylindrical surface; (b) acoustic radiation from the vibrating
surfaces; and (¢) damping loss in the specimen support. A
theoretical evaluation of these damping sources may be made
without difficulty.

THEORETICAL TREATMENT OF EXTERNAL
DAMPING

Consider a cylindrical bar of length 2/ and diameter 2 r
with plane ends, supported at its centre. If the bar is set
into free-free longitudinal oscillations about a central node,
and the peak velocity along the axis of a thin disk section
distant x from the node is «, then

u = U sin (7x/2]) (1)

If » denotes the peak radial velocity of the circumference

of the disk element, then
v = V cos (mx/2])

But if u is Poisson’s ratio for the bar material, V, the peak
radial velocity at the node of longitudinal vibrations, is related
to U, the peak axial velocity at the free ends of the bar, by

V = (ur/hDU
v = (ur/hU cos (mx/21) 2)

A simple unit of damping is the damping capacity AW/W
used by Foppl,(V) where AW is the energy absorbed in each
cycle of vibration and W is the total energy of vibration. The

Hence

* Now at British Iron and Steel Research Association, London.
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logarithmic decrement & is more commonly used and has the
following relation to the damping capacity

AWIW = 1
S ~ AW/2W for small 8.

L g—28
so that

For the bar under consideration, if p,, is the density of the
material

1 NERS Ty
'\)
W = szJ' mrliddx [ 0‘3
Y z KENSINSTON -

using equation (1) @“SUUTH w,\f‘;x
~ 3)

e———

W = Lmr?lp,U?

For the viscous damping along the cylindrical sides of the
bar, the equation obtained by Stokes® may be used. The
tangential force F on a unit plane area, moving at a velocity
u cos 27 ft, which varies sinusoidally with time 7 at a fre-
quency f, owing to a medium of density p and viscosity 7 is
given by,

F = ucos 27 ft . \/(7fpn)

If we consider the surface area of a thin disk element of
the bar Ax thick, the work done by the force F in time At
is

F.27r.ucos 2mft . At. Ax

Hence AWy, the energy dissipated by the bar in over-
coming viscous forces in each cycle of oscillation, can be
obtained by summation over one cycle and over the length
of the bar using equation (1) to substitute for u.

AW\, = (@rlU?[f)\/ (7rfpn)

From equation (3), O, the decrement corresponding to
viscous damping is

Sy = AWy 2W = (1/frpp)V/ (7ifpn) (€))

The calculation of the damping effects due to the acoustic
radiation from a vibrating bar is simplified by considering
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