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Production and Measurement of Low Temperatures.
By K R Dixit
(Guyarat College, Ahmedabad )

THIR;TY years ago Prof Kamerhngh
Onnes, working in Leiden, with the
help of Dr W H Keesom and Mr H
Filippo succeeded in ligquefying hehum for
the first time on July 10, 1908 He! has
ogrven a graphic desceription of his experi
ments, and we shall quote here only =
small part of 1t

‘ The surface of the hqund was soon made
clearly visible by reflection of hght from
below, and that unmistakably because 1t
was clearly pierced by two wires of the
thermo element This was at 7-30 pm
when the surface had once been seen, 1t was
no more lost sight of It steod out sharply
defined hike the edge of a kmfe against the
glass wall ”’

This article 158 written to commemorate
the production of ‘hqud hehum , and
g1ves the present position 1n the low tempe-

rature technique

INTRODUCTION 2 8

It was Lavowsir, who suggested that if the
earth were cooled sufficiently, even the
gaseous air above 1t might take a lLqud
form Sir Humphry Davy and his voung
agststant Faraday found that the gas chlonne
could be condensed to a yellow hLqmd
Ammomna, sulphuretted hydrogen and
hydrochlonie acid gas also quickly yielded
to thewr expermmental skl By 1323
Faraday had installed at the Royal Institu-
tion a Iiquefaction plant  Sohd carbon
dioxide was introduced 1n 1834 by Thilorzer
Faraday was quck te turn to advantage
the new discoveries, by mixing carbon
dioxide snow with ether he obtained a freez
imng maxture, capable of cooling to —110° C

Thomas Andrews, the Professor of
Chemustry at Belfast, tried to liquefy arr,
and like the othergs before him failed, and
vet made of his very falure a success In
a Bakenan lecture before the Royal Society
he explained that unless the pressure exceeds
a certain critical pressure ’ and the tempe
rature 15 below a certamn ‘cnitical tempe
rature ’ pecnliar to the gas we cail never
hope to hquefy 1t, cold athed with com
pression succeeds where one alone fails

The story then 18 one of trinmph after
trmmph  Oxygen was hquefied by Olszewsky
iIn 1883, and two years later nitrogen and

2

carbon monoxide The hist of lowest tempe-
ratures as they were reached, reads hke the
records of athletic achievements, 1n both
the next step 13 always harder to achieve
than the one belore A new princple was
applied to produce the cooling If a gas
under pressure, below the 1inversion tenipe
rature, 1S allowed to expand freely through
a fine noszle or 1if 1t 15 allowed to do mecha
nical work while expanding, 1t will cool, and
may reach a temperature at which 1t hque
fies Thus we gef two methods for lique
fyimg the gases  One employs the Joule
Thomson effect, which allows the gas to
expand suddenly and so produce the necessary
cooling by the performance of nternal
work , the Linde and Hampson processes
depend wupon fthis principle  The other
processes emplov the reversible expansion of
the gas with the performance of external
work , the C(Claude and Hevlandt processes
are of tlus nature 1In all these processes
the regencrative method 1s used, the oncommmng
gas bemg cooled by that which has already
passed through and been reduced 1 tempe
rature, thus the oncoming gas on expansion
reaches a still lower temperature until at
last the hqurd 15 produced By such means,
hydrogen was hLquefied by Olszewski®® 1n
1862  Hydrogen 1s a hquid at — 253° C
and 1t sohdifies at — 259° C Helmum was
hiquefied by XKamerhngh Onnes for the
first time 1n 1908 It 18 a long way from
Michael Faraday s comparatively smple
expeniments to the operation of a modern
hquid hehum plant By reducing the prey
sure oyver ligmid helmn, still lower tempe
ratures can be reached , and 1t was in this
way that Keesom succeeded 1n 1933 1n
cooling liquid hehum to an estimated tempe
rature of about 0 71° X ILigqwmd helhuum at
present 18 available for research 1n such
centres as Berkeley, Berlin, Bresiau, Cali-
forma, Cambndge, Kharkow, Leiden,
Oxford, Toronto and W ashington

Still Jower tanperatures can be obtained
by the method of adiabatic dimagnetis-
ation of a paramagnetic salt, due to Debyd4
and Grauque ¥ The technique of this method
has been  doveloped by Glanque*? n
Califorma , de Jlaasl®-* 1n Leiden, and by
Kurthi and Swmuon!®-18 gt Oxford The
method consists 1w maguetising  the
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substance 1 a strong magnetic field and re-
moving the heat so generated by cooling
liquud hehhum and then thermally isolating
it The magnetising field 18 then suddenly
removed or reduced and the consequent
demagnetisation results m farther cooling,
Using this method de Haas!'? succeeded :p
obtaiming a temperature of 0 005° K

It 1s possible by means of observations
and an apphcation of gas laws to determine
the equation of state for helum, that
enables us to establish a temperature scale
applicable over a range extending down to
about 1 5° X DBelow this temperature we
are largely dependent on  extrapolation
The vapnur pressure of liquid helinm enables
us to rcach the temperture 0 71° K and
the magnetic susceptibilities of certain salts
can bhe used to tell us when such tempera
tures as 0 05° K are reached

THERMODYNAMICS APPLIED TO THE
LIQUEFACTION OF (GASES 20—23

It will be possible for us to liquefy a gas
1f and only if, we apply a pressure p to the
gas which 1s greater than the critical pressure
P, at a temperature T which s less than
the critical temperature T. The entical
temperature and the nfical pressure 15 a
property of the gas, and thewr numerical
values can be calculated for any gas, if the
equation of state for that gas 18 known
Thus assuming that van der Waals’ equation

(p+5)©—0 =%T ()

18 applicable to the gas, we get the critical
temperature

& a

27 bR

and the critical pressure
1 a
Pe=g1
The following s1x processes are used in
producing cooling and low temperatures
(1) The solution of salts, acids or gases in
water or 1ce

(2) Dyaporation
(3) \diabatic expansion of a gas with the

performance of external work
" (1) Throttling of a gas and taking advant
age of the Joule Thomson effect

(3} Using the heat of adsorption.

(6) Adiabatic demagnefisation

(1) Freezwng Maptures —1f some salts
or acids (whose heat of solution 1s negafive

T, =
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or 15 less than the amount of heat required
to nielt the 1ce muxed with theni) are mixed
with 1ce we get freezing mixtures Table
I gives a hst of the freesing mixtures cormu
monly employved

TARLE 1.

]

Approx temperature
of the mixtare

Quantity of sait per 100 grms
of 1ce

-

10 grms K,S50, —1 9°C
30 ,, KQ — 10 6° C
256 ,, XNH,l — 15 0° C
33 ,, Na(Cl — 21 2° C
200 ,, CaCl, -~-35 0° ¢
(2) Bvaporation —Latent heat 18 the

amount of heat, we have to supply to a
hqgqud, if the ligmid 18 to be converted nto
vapour 1f the liquid 15 thermally 1solated
and allowed to evaporate, the requisite heat
for evaporation wil be supplhed by the
liqud 1tseli, and its temperature wil be
reduced The space above the hiquid wall
confain a defimte amount of the hgud
vapour, depending on the vapour pressure
of the hquid 1If the liquad vapour 1s carried
awaty by a contimuous stream of air,—as 18
done 1 the dew pomt experiment—ihe
partial pressure of the vapour 18 reduced,
more hqud evaporates and the temperature
of the hqud 18 reduced In certain expern-
ments, the liquud 18 placed 1n a vacuumn
Dewar flask, and the hgmd vapour 13 conh
nually pumped away, resulting agamn m the
cooling of the hquud This method 1s used
with hguid hebhum to obtain stall lower
temperatures

(3) Adrvabatic Hrxpansion of @ Gas —If a gas
of mass M, and spectfic volume », changes
the pressure from p, to p, (wWhere p, > p,)
then the external work done s given by

M j pdv , ay the expansion 18 adiabatic the
amount of energy of the gas 1s reduced by
M _j pdv Let u be the energy per umt
mass of the gas, then

. U ou .
pdv = — du= (ﬁ)ﬂdn} _ a)r dv .. (2)
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but (du/dT), = C, the specific heat at con-

stant volume, and the second law of thermo
dynamics gives the relation

L ( P )
Y ol £) —
). =T(&), — @)
op
dl = ; 0y d (4)
— — Cz, t
In the case of a perfect gas thig reduces tu
an = — o G Ty —1) %
- c, v Y v
T ,._.(’*’1 =
or ! = %;) (5)

This method was first used by Canlletet,? fo
hquefy air, hydrogen, etec  This theory
forms the basis of the Claude and Heylandt
inethod of hquefying air

(4) The Joule Thomson Effect —The Joule
Thomson effect 1s the change of temperature
produced 1n g current of gas, when 1t expands
adiabatically, through a porous plug The
effect of the porous plug 18 to keep the
kmetic energy of the gaseous atoms unal
tered Let « be the internal energy, v the
volume per gram and ¢ the total amount of
heat in the gas Then

du + d (pv) =0
¢t = u - pv = c¢onstant
and

du -+ pdv
aD> = m

Elmmating du we get
o v 1
), = |7 (Gn , " G

?
== (%)  ®
G, 5T \T/,

where 8 18 the entropy, C, 18 the specific
heat at constant pressure, and the suflix
indicates that ¢ remains constant even when
the pressure changes KEquation (6) gives the
change of temperature produced by the
passage through the porous plug and 18
called the ¢ Differential’ Jounle Thomson
effect 1f we change the pressure from p,
to p,, keeping 1t constant, and mnbtegrate
6 over this range, we get the " lntegral’
Jonle-Thomson effect A T,

_C;) L oV
a8 = 72T (ﬁ D

?2 Tg b B
at =/ & y1(%), @ g
21
It 1s the ntegral Joule Thomson effect
which can be experunentally observed.

Dixet . Production and Jieasuvement of Low Temperatuyes

591

The differential Joule Thomson effect can
be calculated from the observed integral
effect if the rate of variation of the integral
effect with respect to pressure and tempera-
ture 18 known For a given pressure, we
have a given temperature, the so called
mversion temperature, at which the Joule
Thomson effect changes 1ts sign Thus the
Joule Thomson effect tells us that if a gas
15 allowed to expand, under switable condi-
twns, 1t can performm internal work and
produce the necessary cooling Joule-
Thomson eftect was used by Linde and
Ilampson to hquefy ar, 1t was also used
by Kamerlingh Onnes to lhiquefy helhum

(h) Adsorpltion and Desoiption 2427 —In
Simon’s process  of  Liquefying  helium,
helium 18 allowed to come i contact with
an adsorbing substance, kept at the t¢mpe-
rature of hiqumd hydrogen  The adsorbing
substance 18 cither charcoal or chabastt
(2 calumm alvminmm sitheate, hydrate) The
heat of adsoiption of heltam 18 carrred away
by the hqud hydroecen bath The systein
18 now thermally isolated, and the adsorbed
helrum 1s made to leave the adsorbing
matenial by pumping out the system  This
results i o desorption—a negative heat of
adsorption, and the system 18 cooled to a
temperature which 18 below the eritical
temperature of hehinm  The expansion of
the gas now results m lhquefaction

(6) Adiabatic Demagnetisation?®—2% —Weiss
and Piccard® found that nickel 15 cooled,
when quckly demagnetised in the neigh-
bourhood of the Curie pomnt Debyet and
(hauque® suggested that o gadolimum
sulphate, which 18 at the temperature of
hgmd hebun,, 1s demagnehsed adiabatically,
1t may be possible to obtamm temperatures
below 1° K

Debye and Grauque calculqted and pre-
dicted the eifect for gadolmium sulphate
Their caleulation was based on the follow-
ing considerations a magnehsable body
contains a great number of small elementary
magnets  When such a bodv 13 magndctised
these magnets are directed in the direction
of the ficdld The pat of the entropy
belongmg to this order 18 decreased and the
process bemg supposed 1sentrope, the part
of the entropy (onnected with the stutistical
mos ( ment must necessanly mercase  \When,
on the contrary, the disorder of the elemen-
tary magnets s mereased by demagnetisa-
tion, the part of the entropy conunected
with magnetisation 18 1ncreased and the
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part belonging to the statistical movement
is decreased, so that the body 18 cooled

down
If we wish to obtain easily seen results

the following points require special atten
tion

(1} the elementary magnets shall not
exert a directaing nfluence upon c¢ach other
(the substance used should not be ferro
magnetic), (2) the elementary magnet
shall have a moment as large as possible
subject to the restriction 1, (3) at low
temperatures the eifect will be greatest, as
here the part of the entropy belonging to
the magnetisation becomes comparable with
the other part, while at the same time the
order strongly increases

During the adiabatic demagnetisation the
entropy S remains constant, further as the
substance 15 hept 1n vacuum the pressure p
18 also constant  The entropy S 1s thus a
function of the temperature T, and the
magnetising field H

09 oS
—0 =1{ 2 2o ==
s =0 aH)MdH i (aT L 9T ®
(E)S
OH T
AT = — ——=2—
or (ai dH (9)
0T /p H

But since the process 13 reversible, we can
write dd = dQ/T where dQQ 15 the quantity
of heat added to the substance

dQ} = dU L+ pdV L HV XdH
U 18 the maternal energy, V the mol volume,
and A the susceptibiity of the matenal
per cm 3
Wrnting J = U - »pV we get

dQ  dJ — Vdp 4+ HVXdH

as = n T (10)
and hence
a_§ __ }_ of — OP! H
DT)pH“T(g’T $H T °° (11)

oN __1 ( Eﬁ_ }
(aTﬁ . 1(311 ., T HW (12)

This means that C, the specihic heat pro
mol 18 also a function of II As dS i85 a
perfect differential,

B 28
YToH — dHT’

and we get

O o .
(ﬁ +EVX = TH [ﬁ (vx)]ﬂ. (13)
>S > .
and (ﬁ . = H [D_T (V X)]p}.lr .« (14}

Dixit  Production and Measurement of Low Temperatures

Current
Science
This leads to
TH [ ;j?I‘ (VX)]
dT = ZE JH  (15)
C, x

Thus to make dT as large as possible a% (VX),

must be as large as possible, and Gy as
small as possible  Gilauque found that in
the case of gadolinmum sulphate, although
C; obevs the Debves T® law upto fawrly
low temperaturces®?, yet at still lower tem
peratures C, mcreases rapidlv®?, and there
fore gadolimmium sulphate 18 not the most
suttahle substance for the magneto calorific
effect

The substances which obey the law of
Curie and Iangevin y — ¢/T, even at the
lowest temiperatures, are more swtable for
the magneto calonfic effect In such sub
stances the magnetic atoms are widely
separated from one another so that their
mutual interaction 1s very small

THEL TECANIQUE O THL LIQUEFACTION
Ot GARES

The low temperatures may be divided
mmto five different groups

(1) The regron of refrigeration and ecold
storage, upto about — 50°C wuwsing NH,,
S0, ete

(2) The region of sohd CO,, and of sohd
CO, mixed with acetone, and other sub
stances to form frcezing nuvtures

(3) The region of hiquid air upto —200°

(4) The region of hqud hydrogen
(—252° €") and hqud helium (— 269° (")

(5) The region ot Dcbyc and Gianque of
1sothermial magnetisation and adiabatic
demagnetisation

In this article we shall describe only
3, + and 5 I'or a description of the
methods 1 and 2 please refer to arficles
hke the Kaltetechnik’ by Meissner 3

THE LIQUFFACIION OF AIR 20-22

Cailletet® was the first to hquefy nitrogen,
oxigen, air and hyvdrogen e allowed
them to expand suddenly from a pressure of
200 to 300 atmospheres The presence of
the hqud was mamfested m the foriu of
small drops or spray  In practice, however,
1t 15 alwavs necessarv to use multaple expan
s1on as well as previous cooling

Carl von Linde® was able to produce
liqmd air for the first time on a commercial

scale He used the heat exchangers where
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the gas cooled by expansion was made to the lhquefied air will be sucked up 1n the
cool the mcoming gas, he also made use of 1machine

the Joule Thomson effect to produce the Claude® and Heylandt Luguid Avwr Plart —

coolng Purified air 15 admitted through 0 into the

T conipressor C, and 15 compressed to 200

T atniospheres Then 1t goes through 1 and

the drying tube D At 2 the current of air

’ 2 l branclies 1tself, a part of i1t gommg through

] O 4 1Into an engmme A, where 1t performs external

work, 1s expanded to one atmosphere and 18

_ cooled , this conled air goes through 5 mto

i A : the heat exclianger I3, Ihe other branch of

i - the current goes through the exchanger E,

E TT T m— and 18 cooled, then 1t goes through the

D W valve V and expands to 1 atmosphere Thus

L2 a part of the air that escapes through the

L — valve V 18 hquefied The not hquefied air

) - | | goes through the exchanger E, and escapes
into the gtmosphere at 7

C Thus Heylandt has substituted for the
ammonia freezing mixture of Lande, a cold
current of an, which 1s cooled by allowing 1t
* to do some external work ‘The efficiency of
the machine appears to be 23%, 1 e, 25%, of
— _J the air compressed 1n the compressor will be

T hquehed

Fig 1
Scheme of Linde s liquid air plant T

Lwnde’s Ligquid Awr-Plant.—The air1s sucked
in at 0 at atmospheric pressure It 18 then |
purified 1n W, 2 ¢, the dust particles and
carbon dioxide are removed The purified C
air goes mto the compressor €, where 1t 1s
compressed to 200 atmospheres Then 1t
goes through 2, the drying tube D, and the
chamber A, which 1s surrounded by an
ammonia freezing mxture, where the com
pressed air 18 cocled to — B0 °C This cooled,
compressed air enters the heat exchanger E
through the tube 3  After that 1t passes
throuch the valve V, which reduces the
pressure to 20-50 atmospheres A large
portion of the air which 15 thus allowed to
expand goes back Lo the compressor through
4, 5 and 1, while a small part of 1t 18 lique
fied and 18 allowed to fall i 6 through the
tap T, The hquefied air from 6 <an be
removed by the tap T, while the air above
the hiquid air, 18 allowed to pass through the
exchanger, and escapes into the atmosphera
at 7 'Thus after the mochme has started, Diagram of the Clauds and Heylandt hquid aw
only just sufficient quantity of air to replace machine

3 O
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LIQUEFACTION OF HYDROGLN AND
HELIUM

At present two principal methods are
used for cooling and lhguefving gases ‘The
first method 13 based on cooling produced by
adiabatic expansion where the exXpanding
gas 18 cooled by domng external work
Olszewshi® applhied this method to the Lique
faction of hydrogen This method has also
been used by Simon for hquefymng hehwn?®’
and hydrogen ** This method can however
be only convemently apphed for obtaining
small amounts of hgqud hydrogen and
helium  Further the method 1s also comyph
cated by the fact that high pressures are
regured, and that pre coohing exther with
hgumid mtrogen or hydrogen boiling at
reduced pressure 18 necessary

The alternative maethod of cooling, which
was the only rmmethod used for the produc
tion of ligwd hydrogen and helmm on &
large scale till 1834, consists i allowing the
gas whch 18 to be liquefied Yo expand and
do mnternal work The phenomens 18 known
as the Joule Thomsoun effect and was Nrst
employed by Deward®4® to produce lhiqmd
hydrogen But there s always the danger of
explosion when we are workimng with large
quantities of hydrogen And Dewar’s
method was improved by Kamerlingh Onnes*
and Lihenfeld who introduced a large
number of safety devices  Meissner®24 lias
also designed a hydrogen hquefier for the
Physikalisch Techmsche Reichsanstalt,
which works on the same prnnople  The
Joule Thomson effect was also employed by
Lamerhingh Onnes!# for the hiquefaction of
helilum But smce heliam approaches very
closely to the requrements for an ideal gas,
the Joule Thomson effect 13 very small, and
1t 18 only by pre ¢ooling the helium to the
temperature of liqud hydrogen boiling at
reduced pressure, that we reach a stage where
the maignitude of the effect 1s sufficient to
Lguefy the gas  The efficiency of this
ruethod 1s very low Melssner®® estimates that
1t 15 only 1% of the efficiency which would
be obtammed by the use of the adiabatic
methnd

The great advantage of hquefymg gases
by making them do direct work on a mecha
nical svstem has long heen recogmsed, and
this method 18 now eommonly employed
for the¢ liquefaction of most gases Due,
howevir, to fhe techmeal difficulty of
congtracting an expanston engine, which will
operate at very low temperatures, thia

Science

method could not be easily applhed to
helium and hydrogen Kapitzal® succeeded
1in developing an expansion engine which
will work continuously at low temperature,
and was able to use the more efficient
method to Irquefy hehum

The lquefier 18 pre cooled by hgumd
nmtrogen only, and further cooling of the
hehhum 15 done m two stages, down to
10° K by means of the expansion engine,
and finally down to lhiquefaction point by
using the Joule Thomson effect The start
me time of the liquefier 15 11 hours, and the
output 1s 2 Litres per hour, using 14 lLitres,
of ligquud nitrogen to produce 1 hitre of
hquid helium

The maost 1mportant part of the hquefier
18 the reciprocating engme The piston of
the engme 1s loosely fitted m the eylinder
with a defimite clearance, and when the
gas 15 introduced mto the cylinder at high
pressure, 1t 18 allowed to escape freely
through the gap between the cylmder and
the piston The piston moves very rapudly
on the expanding stroke and the expansion
takes place i a fraction of a second, SO
that the amount of gas escaping through
the gap 1s very small, and does not appre
crably affect the efficiency of the machine,
wluch 18 about 609  The expansion engme
works at the rate of 100 to 120 strokes per
mintite and treats abont 30 cubic metres
of hehum at N1 P per hour The daameter
of the piston 18 31 mm and the stroke
between 35 and 50 mm  The 1mlet and the
outlet pregsures are 30 and 2 2 atmospheres
respectively, wlule the mlet temperature of
the gas 15 19° K and the exhaust temperature
18 10° K The mechanism which allows the
mston to mave gquickly on the expanding
stroke and do work and then move slowly,
back agamn, 1s & hvdraulic mechamism  The
piston 15 made of Firth s ‘ Staybnte ' steel
and the cylinder of phospher bronze

This liquetier of Kapitza represents a very
notable advance 1n the design of apparatus
for the production of hqud hydrogen and
hquid helhium

It 18 possible to obtain still lower tem-
peratures, by allowing lhiguid helium fo boul
under reduced pressure Kamerhingh Onnes
used a series of diffusion pumps and obtamed
in 1921 a temperature of 0 85° K Keesom?”
used two Gaede pumps with a capaeity of
670 htres/second, and reached the tempera
ture of 0 71° K mn 1933 Table IL gives the
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temperature and the corresponding vapour
pressure of hebum

Dexat

TariT: 1T
Vapour Pressure of Lngquid Helvum 48

Temperature on Pressure i mm  of

the Kelvin scale mercury
1

4 219 760 0O

1 714 10 O

1 237 10

1 00 15 X101
0 30 2 5 x10-°
0 30 7T w1918
0 10 3 x10 38
0 03 6 x10 108

* —

In this connection 1t may be pomted onl
that the temperature of a body 1 the
imterstellar space cannot fall below 2 or 3° K
as 1t always has to be in equilibrium with
steller radiation Further the vacuwm in
the 1intersteller space 1s of about 10-*2¢m Hg
Thus n the direction of low temperature
and low density we can surpass the condi-
tions found in nature

THE METHOD O ADIABATIC DEMAGNET
ISATION.

To obtain much lower temperatures than
0 71° X, the method of adiabatic demagnet
1sation of paramagnetic salts, with the
mitial temperatures sufficiently low, suggest
ed by Debye and Grauque 18 used  Thas
method 1s based on the possibility of
diminishing constderably the entropy of
some paramagnetic salts by 1sothermal
magnetisation The subsequent demaguet-
1sation, 1f carried out adiabafically, then
results m a lowening of the t{emmperature
A smitable substance for tlhus method will
be one with magnetic dipoles which are
relatively free, t ¢, one 1n which the possible
orientations of the dipoles all have nearly
the same energy In this case an external
magnetic field will be able to produce &
big change m the order of the dipoles, thus
dunimishing the entropy Such a substance
can be recognised by the fact that 1t follows
the Cure Langevin law very clogdy, since
this law 18 dertved on the assumpfion of
perfectly free elemeuntary magnets. A sub-
stance possessing perfectly iree dipoles,
and therefore following the Curme Langevi
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law at all temperatures cannol exisy,
because for such a substance Sy—= o == 0,
and this that 1s, the entropy not vamshing
at absolute zero 18 contradictory to the
Nernst s Jaw To measure these low tem
peratures we establish a thermodynamic
scale Of temperature , we shall consider tnis
scale 1n the next section

Now we shall give the results of the
expenments performed by various people
Here T, and H, are the imifaal temperatures
and mntial magnetic fields, while T, and 1,
are the final temperatures and the fields,
when the value of Hy1s not specially men
tioned 1t 15 nearly zero or neghgible The
thermodynamical conmderations tell us that

4

T s = constant .

Kurti and Smon'? used five different
substances and the results they obtamed
are given in Table 11l

TABLE 111
Substance -T °K El n T K
¢ gauss
- 1 —
FeNH, (S04}, 12H; O 123114100}, 0 038
1ronammontum alum {123 2,900 | 0 187
2 23 | 10,300 0 099
4Gd; (S0, )3, 8H20 .l115] 5400} 0 35
| |
KCr (SO,), 12HLO 1116 | 24,600 O 031
1[MHSOQ{N114)2504 6[‘120]"‘ }_, 3 ? | 0 05 t'ﬂ
20 [MgSO4(NH,),504,6H;00 | ° | 0 03
Graugque and MeDougall® start wth

50 grms of gadolintum gsulphate and a
field of 8000 gauss, if the starting tempera
tures are 3 4, 2 0 and 1 5°K the final
temperatures are 0 53, ¢ 34 and 0 25" K
respectively

de Flaasd!t and otherg, using only & few
hundred milligrams of the substance obtained

the resulls given 1n Table 1V

ON T1HiE DPOSSIBILITY OF OBTAINING STILL
LowER TEMPERAL ULLS M50

1Jeat mofion consmats m the unordered
motionr of the smallest particles The
intensity of thiw arregular motion rises with
imereasing temperature  There 1 no upper
hout to the intensity of thas nmotion, and
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TABLE IV.
Substance | H; in gauss Hy T;° K Ts
R — B ] l
CelF, 27 600 4,500 1 314 0 27
Cel; 2 200 0-19
CeF, : . , | 850 , 0 13
Ds (CaH5;504)s 9H,O . - 19 500 200 G-12
Ce (C3Hg50,)s OH,O . . 27 600 850 , 0-09
K2804Crs (SO4)s, H4H, O . 19,500 350 | 0 05
Cs,80,T1y (SO.)s 24H,0 9% 075 10 0 0055
1 [K,S0,Cry{S04)s 24H,0] F
24,078 ' 1 92 0 0044

14 4 [K,S0,Al, (50,);, 24H 20]} |

thus there can be no hmt to the high
temperatures But there will be a luower
hmit to the temperature secale, at the pont
where the thermal motion stops altogether
This point 1s called the absolute zero, and
although 15 18 1mpossible to reach 1t, 1its
position 18 given with great accuracy as
— 273 1°C Nernsts theorem postulates
that at absolute zero all substances are 1n
a2 state of pericct order, which means that
1t will be impossible to reach the absolute
zero of temperature This, however, does
not mean that 1t will be impossible to reach
any fimte temperature, be 1t as small as you
hike

To heat a substance means to mcrease 1ts
energy, but still more to mcrease the wnternal
disorder of 1ts particles 'To cool a substance
means to damamsh 1its energy  and fo merease
the internal order of its particles A gas will
Lguefy f it 18 cooled sufhaently and wall
solidify 1f 1t 15 cooled still further The
solihificd gas 18 & systemn which 18 1 a state
of nearly perfect order The thermal vibra
ttons of the atoms about thar mean posi
twons, are the sonrce of some dasorder On
cooling stil further this disorder tends to
vanish and at these temperatures the dis
order, 1f any, 1s likels to be due to the inter
action forces between the nuclear moments
and their surroundings

Thus it we start with the room tempera-
ture and go to lower and lewer temperatures,
we observe that the gaseous digorder 18 the
first to vamsh  This happens when we
reach a temperature at which there are no

.

more gases avatlable The erystalhne dis
order due to the forces between the atoms 1s
the next to pass over into o state of order
The only disorder available at this stage
appears t90 be due to the interaction hetween
the nuclear moments and their surroundings
And the method which suggests 1tself 15 to
try to woik with a substance that exhibits
nuclear paratmagnetism

The part plaved by the nuclear para-
magneticm in producing still lower tempera
turce, can be bhetter understood i1f we
consrder the time effects 1 the magnetic
cooling method * Suppose we have 4 para-
magnetac salt, the ions of which carry a
magnetic moment 4 We assume that the
mteraction of these spmms with the lattice
and with on¢ another 1s small, so that the
spms can be conswdered as relatively free,
but not completcly free These properties
are reahised m salts of those 1ons of the wron
group or the rare earths which have a
muliiple S state as the ground state In
the 1bsence of a magnetic field the spins are
distributed at random If now we switch on
a magnetic field isothermally, the spins will
be orientated m the direction of the field
The entropy wil decrease, which means
that the hecat of magnetisation must be
conducted away or that the magnetic
energy 2 Hu of the spms must be transierred
to the lattice wvibrations  According to
Heitler, 1n the case of paramagnetic zalts
normally employed, the tune requred for
the transfer of this energy 18 short enough
for femperatures aboveabout 0 1 — 0 2° K
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and magnefic fields higher than aboutb
1500 gauss, but rather long for lower tempe
ratures and lower magnetic ifields

Now we shall discuss the question whether
the use of the nuclear spins ofiers any hope
of attaining still lower temperatures

Consider first the case of a diamagnetice
msulating crystal the nucler of which carrv
a magnetic moment u,  u, 18 about one
thousandth that for an electron  This
g1ves rise to a very small interaction between
the crystalline field and the nucle: And as
a result the time required for the exchange
of energy 1n the present case 13 at least 10
times the time of exchange for electrons
This time 18 of the order of magnitude of
10¢ years Thus we cannot expect that the
use of nuclear spins will lead to any furfther
progress 1n approaching the absolute cero,
if we start with a diamagnetic insulating

crystal

The nuclear spins of the metals, however,
present an entirely different case Here the
magnetic energv 2 Hu, can also be trans
ferred to the conduction electrons, and the
time required for an exchange of energy
bhetween the nueclear spins and the eonduc
tion electrons 1s about one second , this time
18 short enough to allow a further apphecation
of the magnetic cooling method

MEASUREMENT OF LOwW
TEMPERATURES

The conception of absolute temperature
1s based upon the properties of an 1ideal
gas This conception was first ntroduced
by Lord Xelvin, and  temperatures
measured from the absgolute sero of tem
perature are sud to be measured on the
Kelvin or the thermodynaniic scale of tem

peratures

Let’* Q be the quantity of heat given
to a svstemr at the temperature T°C and
the system undergoes a reversible 18othermal

change, then we can write

Q

T = 100
(QIEHGC “' (@uﬂc

If further we assume that the equation of

state of the gas 1s given by p1 — A, where
A 18 a function of the temperature alone,

then the gas 18 known as an Avogadro gas
and the temperature T, on the Avogadro

gcale 18 given by
" A

A T A
Awo”c. - An"c
3

(16)

100 .. (17)
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The Avogadro scale and the Kelvin scale
are 1dentical so that T =T,

But no gas at ocur disposal 18 an i1deal,
or an Avogadro gas which obeys the law
pr == A, where A 18 a function of the tem-
perature, at all temperatuivres We must
therefore use only such gases, as hydrogen
and hebum In the case of hydrogen and
hehhum the dewviations from the ideal gas
relation are very small The difference
between the readings of an 1deal gas thernmo
n.eter and the hehum thermometer are
no longer neghligible when we approach the
boiling point of hquid hehum  Within the
hmits of the experimental accuracy, the
helimin  gas thermometer, gives wus the
temperafures on the Kelvin scale, m all
recrons of temperature except the lLiqud
helilum region

The constant volume heltumn thermo-
meter with an mmtial pressure of 100/76
atmosphere at 0°C, 1s called the inter-
national helmm thermometer The tem-
perature on this scaleis denoted by T e
(temperature international hehum),

T, e = ——— 100
P1o0oc — Pooc

If we write for the mean coefficient of ex-
pansion a, y then

(18)

a. _ Pragoc — Pooc
P He pu{‘lc 100
and the temperature T, . can be written
a8
Tipe = —— L (19)
& vy Fooc.

¢, ye == 0 0036609, while the correspond-
mg coefficient of expansion® for an ideal
gas 18 a, — 0 0036611

Thus the general way of deternnmng
the absolute temperature consists 1n measur-
ing the pressure volurme relation of hehum,
extrapolating 1t to density zero, and getting
the absolute value of T by applying the
law for an ideal gas

In fhe ligmad helmum region (0 7° K to
5 0° K) where the tunperatures are reached
bv allowing hehum to boil under different
pressurcs , the measurcment of the vapour
pressures wself will give us the correspond-
ing temperatures  Varnous empineal formu-
e were sugeested by Keesom® and his
results are given 1 Table ]l

To mensure still lower temperature we
construct a thermodynamie scale of tem-
peratures,® ™ & on which the magneti
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susceptibiities of certain galts can tell us
the temperature reached 'The first two
laws of thermodynamics yield the equation

It 1s convenient to define the heat confent
Q =E -+ pyv — HI, and sinece the pressure
effects are neghgmble 1 the present connee
tion, we shaill drop the pv terra For u
pr(&c&sa at constant entropy dJdE = Hdl
an

oH /S
algo
51
Al —-f(aH L aH
i 1
B
3
mHa/ (a‘ﬁ)g dH
and

dEg — Ml 20

= — = (2 20
. as (a% (20)
It 13 evadent from the equation (20} that the
measnrements of energv, entropy and
differential  susceptibihity  determune the
temperature on the thermodynamic scale

According to Kurti and others®® f T,
15 the temperature on some arbitrary scale,
if dS 15 the change of entropy hetween the
temperatures T, and T, + 4 T,, and i dQ
1s the corresponding change 1n total heat,
then assunung that the rates of vamnation
of S8 and Q with respect to T, are kunown,
the temperature T on the abgolute scale
13 given by the formula (21)

r o () ()
— O\IT, Juf \ T, /u

To deternnne the vanation of (3 with res
pect to T, we heat the specumen by a
constant source of beat like the 4 rays, ani
measure the rate of change of T, with ime,
thas enables us to calevlate 2QjoT, to
an accuracy of about 109%  The vanation
of S with respect to T, can be obtained from
the variation of 8§ with respect to H  Thas
lagt vanation 1s determined by carrying
out the adipbatic demaghetisation start
ing with varous fields, and applying the
law of Langevin and Brilloun

In the magnetic wmethod of cooling, we
use substances for which X = constant/T

191)
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For such paramagnetic substances i i3
easy (o construet a thermoineter, using
ity susceptibihty as a measure for the tem
perature  Sumon*® measures the suscepta
ity by bringing a system of two cuils
around the place where the salt 15 situated,
and sending an alternatimg current through
the primary coil, the induced emf in the
secondary depends on the susceptibility
of the salt The ynduced em f 15 amplified
and sent to a galvanometer The system
18 80 compensated that the deflections on
the scale are proportional to the suscept:
bthty and hence 3/T

In the method of Giaugue and Me Dou
gall, 8 the temperature 18 measured by put
ting & cotl round the paramagnetic substance
The coil1s connected with a ballistic galvano
rieter  The deflections of the galh anometer
are calibrated from the vapour pressure of
hehum, to as low temperatures as possible
Lower temperatures than this are measured
by extrapolation, and Gilauque and Me
Dougall believe that the actual tempera-
tares were probably lower than those deter-
nuned b3y extrapolation

de Haas and others® make the para
magnetic substance 1tself read 1ts own
temperature Thevy do oot use & coil and
a ballistic galvanometer, but measure the
force acting on the substance in 2 non
honiogeneous field, and calculate the suscep
tihiity and the temperatures from this
The substanece 15 suspended m vacuum from
one arm of a balance and this enables theit
to balance the force exerted upon the sub
stance m a non homogeneons field  The
vacuum chelosure 1itself 1s placed i a Dewar
flask filled with hiquid helrwm under a reduced
pressure and a temperature of 1 3° K The
Dewar flask 18 placed between the pole
pieces of a powerlul electromagnet The
force F exerted on the subhstance is giveu
by F = MVAXH oF/oz, where M 1z the Mal
number  But as I and oI /dx are constant
it the experiment, and as Curie law 1s obeyed

Tz _ Fl
we get T = F,
For several measurements, egq, the

measurements of gpeecific heat, 1t 18 desirable
to hav e at one s disposal a secondary thermo
mefer that 1ndicates quickly  For this
purpose the resistance thermometer appears
to be very useful Keesom and Bijl*® com
pared the platinum resistance thermo-
meter with hebum thermometer and found
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values for the constants m the formula
suggested by Henning and Otto 37 This
formula gives R/R, as a function of the
temperature

L 1 BT + ¢T?) D (1%9) 1

R, ¢
@ + T + fT%) D (-3%))

where D’s are the Debye function

The temperature coefificient of resistance
of most metals 18 practically zero 1n the
liquid hehum range A large number of
expermments were made to find out sub-
stances which can be used for resistance
thermometry m this range Babbit and
Mendelssohn’® find that a wire of 59 lead
mn silver 18 convenient 1n the range 7° K
to 3° K According to Keesom and Lnde?®
phosphor bronze that has not been anncaled
18 extremely smitable 1 the range 4 2°K
to1° K
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