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As LINDl!1MANN'S formula can be deduced 1) from the principle of 
similarity, applied to solid substances, the data mentioned for leL can 
serve at the same time as a comparison of these two metals with 
respect to that principle. In this compadson the change of f) with 
the tempel'atllre has, however, not been taken into account. 

Physics. - "Furthe1' expe1'iments witlz liquid helium. O. On the 
measurement of ver!/ low te?Ttp8?'.1.tlwes. XX V. The detennination 
of the ternperatures wlzich a1'e obtamed with liquicl helium, 
especially in, connection with meaSU1'ements of the vapour
pl'eSSUTe of helium." By H. KAMERJ.INGlI ONNES and SOPHUS 
WE.BER. (Oumm. 147b fl'Om thc Physical Laboratory at Leiden). 

(Communicated in the meeting of June 26, 1915j. 

1. Intl'ochÎètion. In this paper wIII be given some new deter
minations of vapoul'-pl'eS&lIl'es of helium based on more accurate 
temperatUl'E'-measurements, as also a contl'ibution to the lmowledge 
of the r.orrection fOl' the thel'mal molecular pl'eSSllre, which has to 
be applied with constant volume-thermometers for low temperatures 
with gas undel' diminished 'preS811l'e, if Ihe manometer is kept at the 
ol'dinal'y temperature. 2

) 

'l'his cOl'rection was discussed in Comm. 124b (Dec. 1911); an 
ebtimate of its magnitude, which was necessal'y to fOl'm a judgment 
of the "alne of tlle tempel'atme-determinations, showed th at its 
influenre would" only exceed the limits of acclll'acy then given, viz. 
0.1 of a degl'ee, in the meaSUl'ement of the lowest tempel'atlll'es. 

The present delel'minations of the boiling point of helium made 
with the aid of a helium thermomelel' with mel'cul'y-manometer 
al'ranged for more aCClll'ate measuremen ts have enabled IlS to test 
the accuracy of the temperatnre-determination in the pl'evious series 
of experiments wilh liquid helium, in which this point had also 
been determined. 1t appears that the diffel'ence of ihe previous 
l'estilis from tlle present ran be explained by the cOl'reclion fOL' the 
thcl'mal moleculal' pl'essure. This cOl'ref'tion remains below the value, 
th en given for the limit of accuracy. As 10 the corl'edion at the 
lowest tempenttmes which wel'e men,sul'ed, this also appeal's (0 have 
about the estimated magnitude. Tbe pl'evious measmements are thus 
as a whole confirmed. 

1) H. KAlIiERLINGH ONNES, Comm. Nt). 123 (June' 11). 
2) Comparc for n 'lliITerent arrangement the conclusioll of § 7, Comm. Suppl. 34 

(Sept. 1!H3), where lhe investigalion contained in the pl'eSel1t communication was 
olso announced. 

32* 
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. We have now for the first time made measnrernents with a"helium 
thermometer in which a heated-wire manometel' aceording to KNUDSY<1N 
serves as manometer (comp. ~ 7 Oomm. Suppl. 34). With this thermo
meter it will be possible to go to stIll 10,,,e1' temperatures than 
heretofOl'e. In these meaSl1l'ements the correction for the thermal 
moleenlar presstll'e became even now of paramount impol'tance. We 
sncceecled in caleulating a formula for th is cOl'l'eetion, albeit with 
the aid of a hypothesis regarding the effective moleculal' free path 
whieh leads to a semi-empirical relation. 

The new constant in this formula which is a eharacteristic constant 
for helium could be ehosen sneb, th at for all our measurements 
with the thermometer with bot-wire-manometer a satisfactory agreement 
was obtained with the thermometer with mercury-manometel'. 

2. Sw'vey of tILe dijficulties inlze1'ent in tlw dete1'1ninatÎons of tlze 
lowest tem p era tU1'es. All meaSl1l'el1lents of temperature in the helium
region will ultimately have to be l'educed to readings on a helinm
thermometel' snpposed to be filled with helium in the A VOGADRO
eondition. Henee the impol'tance of knowing, how to arrive at 
aeC'IlI'ate determinations wjth a belillm-thel'mometer, even at very 
low presslll'es Fot' measuring those tempemtures, àt which the 
VapOlll'-preSsure of helinm approaches a very small value, no other 
helium-thermometers but those witb gas at vel'y low presslll'e ran 
be used, as the p,'essnre in the thermomete" must in any case l'emain 
below tbe \'apolll'-presslll'e cOl'I'esponding to tbe tempel'ature to be 
measlll'ecl. 

Various ril'cumstanees thus l'en der it difficult to mise the accuracy 
LO the 1e,'el wbich wonld be pel'llllttecI by the high degl'ee of eom1ancy 

\ of the ternperatlll'e of tbe helium-bath which cau be attained when 
the experiment is not unduly prolonged. 

It will be necessal'y to take eare that the following conditions 
al'e fulfilled. 

1. The dead space, or l'athel' that pal't of the dead space the 
temperatul'e of whieh is uncertain, muet be made as small as possible. 

2. The adjustment of the equilibrium must take plaee in a 
sufficiently small time in order to prevent tbe temperatLll'e-changes 
of tbe helium-bath affecting the measmements. 

3, The deviations of the equation of state fol' the thermometric 
J gas ft'om the AvoGADRo-\~ondition must not come too mueh into account. 

4, The cOl'l'ectioll fol' (he thel'mal molecll1ar pl'eSSLll'e must nol 
beeome too large and this pressme must not reaeh a region, for 
which 1he eOl'l'ectÏon is less al'curately Imown. I 
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It will be seen that these 1'equirements Call1lot all be fultilled 
at the 5ame time. A smal! value of (1) goes together with a large 
value of (2) and similarly a minimum of (3) cOl'l'esponds to a 
maxim llm of (4). 

All we can do therefo1'e is choosing the construction of the 
thermometer sllch that in the intended measu1'ements an optimum 
is attained as l'egards satisfying the llmtllally conflicting' reqnirements. 

A calclllalion of lhe order of magnitude of each of the afore
mentioned distllrbances, uncertainties or corrections wiII in general 
sufficiently enable us to l'each om objert. 

It is clear, lhat we haye io devote om attention parlicnlarly to 
the capillary which conllects the l'esel'voir (at low temperatl1l'e) with 
the manometer (at ihe ord ina1'y tem peratnre). 

As regal'ds (1), the uncertainty regarcling ihe r1istl'ibut.ion of tem-
I 

perature along the capillal'y makes itself principally felt in the lowest, 
coldest part of the capillary, w here the density of i he gas is highest ; 
the narl'ower ihis part in proportion to the rest, the smaller the 
uncertainty will be. 

It would of course be ad \'isable, if pos5ilJle, to avoid the calcu
latioll of the correction for tl1at part of the dead-5pace which is 
dependent on the caplllal'y by placil1g an auxiliary c$l.pillal'y according 
to (')HAPPUIS beside the capillal'y of the thermometer. 1) In 0111' case 
we wel'e unable to utilize t11is device owlng to want of space in 
the cl'yostat. lt was all the more importmlt, thorefore, to take the 
lower part of the capillal'y as narrow as possible, from wbiclt it 
follows in view of (2), th/at the capillary must be taken wider 
higher up. 

At the lowest temperatmes tbe question becomes of importanee, 
whether helium still follo~vs the gaseous laws. On tbe one hand the 

B B 
term - in the equation of state pv = A + - has to be considel'ed, 

v r 

whel'e B fol' a rednced temperatul'e say of 0.2 acquil'es a fait'ly 
high yalue, so that the corl'ection to be made un accollnt of B Illay 
obtain an important inflllellce. As long as the equation of state for 
helium is no bet tel' lmown than is at present the case and the 
caleulation has to be made with the "mean" equation of state accord
ing to the law of cOl'l'esponding states, gl'eat uncertainty exists with 
regard to this corl'ection. On the othel' hand it migbt be a question, 
whether 11 may still be taken directly propol'tional to T Ol' whethel' 

1) We are dealing hel'e exclusively wiLh Lhe constant· volume thermomrtel'. A 
subsequent Communicalion wil! deal wilh the use of thel'mometers at constant 
pressul'e. 

" 
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an absolute zero-point pressure accordillg to the theory of quanta 
ought not to be introduced. 

In both respects the difficulty might be sufficiently avoided by 
simply laking the melting-point pressure of the thermometer sufficiently 
smal!, but Hl that case, as already pointed out, tlle thermal molecular 
pressLll'e begins to give difficulties which ultimately exceed all the 

. . 2R 
others. In fact thJS pl'essure depends upon the ratIO -, where R 

). 

is the radius of the capillary and J, the mean free path. 
, Whereas we kuow lhe condition of the pressure-equilibrium 
between the bulb of tlle thermometer and the manometer, when 
the temperatnres of both are given for the two extreme cases 
2E 1 'JE 
- = - and - = 00, this is no longer the case for inlermediate 

J. 00 À 

valnes of this fl'actiol1. In ordinary gas-thermometers with a melt
lng-point pl'essure of about the nOl'mal atmospherlc pl'essure, 

the condition 2R = Cf.) is very nearly satisfied and the ptessures Pl 
J, 

at the top ànd ]J2 at the bottom of the, capillal'y, wht;ll'e the tem
peratures are T j (normal) and T2 (to be measlll'ed) respectively, 
may be taken as equal. As we shall see, this is by no m~ans allowed 
whcn temperatures are 10 be mea&Ul'ed at w hieh the vapour-pressure 
of helium is no more than a few millimeters. In thermometers which 
are adapted to this object considerable corrections have to be dealt 
with, as will appeal' in the measuremeuts to be discus5ed in this 
paper, indeed the que51ion naturally arises, whether in this case it 
is not preferabIe in the temperature-measurement to start fi'om the 

2R 1 . V1\ Pl 
condition of eqUIlibrium for - = - VIZ. --= - , 

À 00 VT
2 

P2 

3. DeSC1'iption of the two thel'momete1'S. 

The thermometer with mereury-mauometer (fig. 1) was the improved 
form of that in Oomm. 119 as desel'ibed in Oomm. 124b. The bulb 
Th 1 had about three times greater r,apacity, 23.95 ce., and the 
rapillary eonsisted of three parts, the first starting from below 
Ca-Cb 15.3 ems. of 0.0362 cm. radius, the next Cb-Cc 9.80 ems. 
of 0.0783 cm., the third Cc-Cd 22.59 ems. of 0.0947 cm. (the 
upper 5,25 cm. having 0,090 cm, radius). To the top of the g]ass 
capillary (being another part of 5,55 cm. of 0,090 cm. radius) was 
solrlered (entering over this same length) a ('opper capillal'y of 
1.2 mm. diameter, which was connected to the mereury manometer, 
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first described in Oomm.119 PI. I and more recently in Oomm. 124b 
PI. I fig. 3 and specially designed tor thermometrie wode Aftel' 
the impl'ovement of Comm. 124b this manometer bad only under
gone a sIight modification: in additioJl to the glass-tap in the glass 
capillary leading to tbe coppel' one, a side-tap has been added wbose 
object is to connect tbe thermometer with the mel'cUl'y-ail'pump if 
required. 

cd 

dClI 

d~a 

KBo 

dz cd 

g' 
2 CC E' 
f 

K 

cb Co 

eb 

Ca 

e. 

Fig. 1. - Fig. 2. 

The part of tbe dead spaee of the thermometer whirh dlll'Ïng the 
measurements l'emains at roorn-tempel'atUl'e had a yolurne of 4.87 cc. 

The serond thermometer (fig. 3) was provided with a vel'y smal! 
heated-wire manometer 1) 1c, designed to meaSllre small pl'essmes 
with sufficient accuracy. The bulb of the lhel'mometer had the same 
volume as that of the first thermometer 23J:l56 cc. and the capillarT 

. was constt'ueted in exactly the same V'>'ay as with the lat ter. rhe 
part of the dead space which in this thermometer did Jlot assume 
the Jow tempel'ature was 2.67 cc ; the beated-wil'e manometer stood 

1) H. KAMERLINGH QNNES and SOl?HUS WEBER, COffim N°. 137b. 
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iri iee. Previously this instrument lJad been carefully calibrated with 
the aid' of a set of pipettes wi tit pure helium. \Ve are glad to offer 
Mr. P. G. OATH our thanks for his assistanee in this work. 

4. Results. The thermometers were mounted side by side in the 
helium-cl'yostat, whieh was vigorously stirred by meam, of a pump
stirrer. The bulbs were surl'ounded by brass tubes in oder to proteet 
them from radiation through t1le liqllid hèlium. The vapour pressui'es 
of helium were corrected fol' the aerostatfe ·diff~rence of pressU1'e 
between the helium liquid sllrfaee and the Yapour-pressure manometer. 

Two series of observations were made. In the first Mr. CHAPPUIS 

did ns the bonom to take part in the meaElUl.'ements. In this series 
-

Vapour-pressures and thermometer-readings with helium 1st series. 

e I Thermometer with Thermometer with 
;:lor: mereury-manometer heated-wire manometer Ul .... 
UldUl Poo C. = 25.138 ems PO? C. = 5.,40 ems e-9 E 
~6E 
"';:l 

Mutual Mutual ::1._ \0: 
Number Number 0-'-

0. ai Uneorrected T deviations Uncorrected T deviations dor: of obs. of obs. 
> of obs. of obs. 

0 
756.6 4.205 K. 3 0.5°10 4° .468 K.. 2 0.2°10 

564.5 4.155 2 0.2 

363.3 3.800 2 0.2 

359.5 3.535 3 0.25 

I I 
4.4 1.478 2 2.5 1.774 2 0.2 

I 
Vapour-pressures and thermometer-readings with helium. 2nd series. 

ai Thermometer with Thermometer 'with ... 
::lor: mercury manometer heated-wire manometer 
~ 1iî Ul PO" C. = 25.358 ems Poo C. = 1.2509 ems e..o E 
q-EE 
"';:l Mutual Mutual ::1._ \0: 

Number Number g:a:;'- Uncorrected T deviations Uncorrected T deviations dor: of obs. of obs. 
> of obs. of obs. 

0 

I 
I 757.5 4.215 K. 2 0.1% 

757.4 5°.472 K. 2 0.1% 

4.15 1.509 2 1.0 2.558 12 0.1 

756.5 4.219 2 0.1 

756.4 5.470 2 0.1 
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the melting-point pressul'e of the helium-thermometer with mel'eury
manometer was 25.738 rms. mel'cury, that ofthe helium-thermometer 
with healed wil'e manometer 5.240 ems. In the 5el'Onel series these 
pl'eSSUl'es were 25.358 ems. anel 1.2059 cm. mercury l'eRpeetively. 
The vapour-pressure measurements wel'e conducteel in t11e same 
manner as before (comm, 119 anel 124b). The results were as follows 
(uncorl'ected T stands for T not corl'ecteel for B anel for thermal 
molecular pl'eSSllre 1) : 

The first column gives the vapollr-pressure of belium at the 
eorresplmeling temperature, the second the temperaiure as calculated 
witb the aid of the orelinary ga5-laviTs (with B = 0). The great 
eliffel'ence between ihe tempel'atmes fOlmd in this way with the two 
thermometers is very stl'iking, especially in the last sel'Ïes of me as
urements in wbieb the melting-point pL'essure of the second thermo
meter was very low. The influenre of the thel'mal moleculal' pressure 
causes a temperature of 5°.5 10 be found instead of 4°.2. 

5. C01'1'ection f01' the thermal molecula1' l);'essure. Exprf'ssions fol' 
the thermal molecnlal' pl'essnre whieh are valiel for tbe ranges 

2R 2R . 
o ~ - ~ 1 or 10 ~ - ~ ÇJ) have been elevelOI)eel bv KNUDSEN. 1 t is _)._ _)._ • .J 

elear, that the choice of tbe hvo lilllits 1 anel 10 has been sOlllewhat 
arbitrary, but we may aSSllme, that, when these lilllits are attendeel 
to, the uneel'tainty of the results of calcllln.tion by means of these 
formlllae, supposing the constants which occur in them to be known, 
is on the average smaller tban 10

/ 0 , KNUDSEN'S fOl'filulae do not hold 
2R 

for the interlllediate range of 1 ~ - ~ '10. 
- ). -

The eondition of pressul'e-equilibl'illlll in a tube with a graclient 
of temperature is in. KNUDSI';N'S notation 

dp 
2JtR (M + B) + :rrR2 -Z = 0, 

, d 

dp . 
- IS here the pressure-gradient., Tl t11e radius, M ihe ta,ngential 
dl 

force pel' cm 2. exerted by the gas on the v'mll in conseqnenee of 

1) In controlling the calculations it was founcl that small errors and uncertuinlies 
remain about the data fol' calculating the gas contained in the capillary, which 
cau change the numbers fOl' the uncol'l'ected T by some thousaudlhs of a degl'ee 
The necessary corrections are inside the limits of the expel'imental errors. So we 
have left them mixed up with the latter. As soou as we shall have an opportuniLy, 
to compare Ihe present determinalÏons with more accurate on~s, we cau perhaps 
return to this point. (Added in the English translatlon). 
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the tempel'ature-slope and B the tangential force which the gas 
owing to its flow back along the axis of the tube exel'ts on the walI. 
N and B according to KNUDSI<lN 1) are thus given by: 

M = _ k Sn Nm QÀ dQ = _ k -Sn')) d2 
1 128 dl 1 128.0,30967 dl 

and 
3 ap dp :rr R4 

B = -k Q-- whel'e a = -Ql-' 
32 2 R2 dl 8 'ti 

J..T the number of molecules per cc., rn the mass of a molecule, 'ti 
the viscosity and ). the mean free path. 

If ). is not small as compared to R, we may not assume, as is 
done in the derivation of the fol'mulae, that a molecule in a colhsion 
with a second molecule possesses the velocity cOl'l'esponding to the 
temperature at a point at a distance J.; in that case the collisions 
with the wall have also to be taken into account. The paths deSCl'lbed 
by the molecules since the last rollision are then fonnd as follows: 
\ In a disk of unit length cut out fl'om the tube thel'e are nR2 N 

.Q 
molecules and therefore n RN - mutual collislOllS occul' per second 

). 

and 2 nRt NQ collisions with the walI; the joint number of 
collisions is th us 

Q 
2 :rrR t N2 + :rrR2 N - per second, 

I.. 

and each molecule colIiÈes (2~ + ~) Q times, while describing a 

path Q. The path described without colIision is therefore on the 
average 

1 À 2) 
).l=-l-T= À 

T-t 2R 1 + 2R 

This leads to the following condition of equilibrium 

( 
:~:rr ). dQ 3.71' k2 R 2 dP) • dp 

2.1tR --k Nrn2 -+ -- +nR--=O 
128 1 1 ). dl 256.0,30967 . ). dl dl 

+ 2R 

as 11 = 0,30967 Nm Q). or 

1) M. KNUDSEN, Ann. d. Phys. 33, p. 1435, 1910. 31, p. 633, 19lO and 31, 
p. 205, 1910 and SOPHUS WEBER, Leiden, t:omm. 137c. 

2) The tC'mperature change of the coefficienl of accommodation for col1isions 
with the wall is disregarued on account of its smallness. 
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dp 3 dQ 1 
-=-kl ••• (1) 
P 4 .2 (1 + 2R) (1 + 3.it 1.'2 2R) 

.Ä. 0,30967.256 ). 

As fol' 2R = 0 we have dp -= dS~ or PI = VTI, it follows, 
.Ä. p.2 P2 T 2 

4 2R 
that lel = - for -= O. 

3 .Ä. 

2R 
In the case, that - becomes large, we obtain 

.Ä. 

or introducing 

dp kt 8 ).2 dT 
-=-.- . 0,30967-
P k:.it R 2 T 

:Tt 1 '1)2 T 1.2= _______ _ 

8 0,30967 2 p2 {>o 273 

wher'e {>o is the density of the gas at 0° and 1 dyne per c.m. 2
, 

we get the formula 

1+-

( 

I) ) 1 'I} 0 2 kl 273 1 

pdp = --.- Td'l 
0,30967.273 2 !lo R2 k2 1 ~ 

+T 
ralculating, like KNUDSEN, with SUTHERLAND'S formula (which however 
is no longer applicable at temperatures below those of hquid aÏl') 
and calling the viscosity at 0° O. 'l}0' 

KNUDSEN has detel'mined the value of /cl and lc2 for hydrogen and 
kI oxygen and found - = 2.3 and le2 = 1. 
ks 

It is easily shown, that Dur fOl'mula (1) differs from KNUDSEN'S 

formula only by the factor 

2R 
high values of - . 

.Ä. 

I 
which ha.s no influence for 

.Ä. ' 

1 + 2R 

It is therefore obvious, that the factor lel in (1), if this eljUation 
2R 

is to hold for all values of -, cannot be a constant, seeing th at 
.Ä. 

2R 
for all gas es it approaches the value t for T = 0 and that for 

2R 
high values of T it becomes 2.3 fol' oxygen and hydl'ogen. 

It is further to be l'emembel'ed that in the theoretical deduchon 
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of the relation between heat-conduction and friction nnmerically 
correct results can only be arriveel at by taking for tbe mean fl'ee 
path in the case of coneluctioll a somewhat higher valne than that 
which follows fl'om internal friction. In o!her ~würd8 the velocit.r of 
the molecules at a collision is not tbat Vi' hicl! corresponels to the 
ternperatnre at a <listance 1., bn! at a distance Ct )., wh ere Ct is 2.5 
for monatomic gases anel 1.7 fol' di-atomie gases. If we introdnee 
this into the expression for J.11. we obtain, as fOllnd by KNODSEN, 

taking lc2 = 1, fOI' di-atomie gases k l = 1.7 Y. t fol' high vulues of 
2R 
- or k l = 2.3. For helium we shallllave to take k l = 2,5. t= 3.33 :
J, 

fol' this gas kl titus changes between the limits 4/3 and 3.3. The 
que~tion, as to how IC I depends upon the mean free path will have 
to be -decided by experiment. This pl'oblem is analogous to that 
coneel'ning the relation between heat-conduction and fl'iction, when 
there is. also slipping along the wall. Keeping that in view vve have 
ventured to make a simple assnmption which does not clash wüh 
the available expel'imental data and explains the llature of the 
deviations bet ween our thel'mometel's with different meHing-point 
pressUl'es as l~'ell as possiIJle. In how far this assumption may be 
cOl'rect, can only be settleel by futme experiments. In the mean 
time it may pel'haps be considered as a l'ongh representation of 
what wiU be found, when th is pl'oblem, which is of gt'eat impol'tance 
fol' the insight into the mechanism of heat-conduction and internal 
friction, will be specially taken up. The assumpt,tOn in quesiion is, that 

2R 
1 + CIC~

À 
kl = -t ---2'R 

l+c-
I Î. 

(2) 

In this formula Cl and C2 are two coefficients, Cl having a special 
value fol' each gas and being 0.5'50 fol' helium and C2 diffel'ing for 
monatomic and diatomic gases. For tbe former C2 = 2.5 and fol' 
the lat ter C2 = 1.7. 

If we abandon the assnmption, thai k l = t X 2.5 fol' large values 
2R 

of -, the1'e is an aclditional constant Cl available to aelapt the 
l 

forll1ula to our obsel'va!ions. A very good agreement is in that case 
obtained with Cl = 2.865 anel C~ = 0.3101 1). The COl'reclions obiained 
by this method are inelicaieel in the iables of ~ 6 below by (J. 

) 

1) It may be observed, that the ratio of this Cl to the more theoretical value 
is the value of the power of T in the viscosity,law fol' helium. 
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Returning to om equation (1) we have for a monatomÏc gas 

dp (1 + (\C2 2,~) 1 dT _1/ 
P - 2 1 + Cl 2: (1 + 2:) (1 +c

3 
2:) T 

where for helium Ca = 0.1190 1). 
We have now to expl'ess T as a fUDction of ]J and J.. 

( 
T )0647 

As the relation 11 = 110 -- holds down to the boiling point 
273.1 

of hydrogen (comp. (Jomm. N°. 134b lVIa1'ch 1913) and as the t11e1'111o
meter-corrections are almost entirel.r dne to that part of the ca
pillary whieh is at a higher temperature than 20° K, we may 
apply this formula to the whole temperature-range in the form 

( 
T )1/2+n 

1) = 'llo 273.1 . 

Aceording to the expression for J. given above, we have: 

d~C;p = (1 + n) dlgT - dZC;).. 
or a1so 

if 
d~c;p = (1 + n) dlg T + cl~CJY 

2R 
y=-. 

J. 

With y as independent variabIe we may therefol'e write: 

JäP . r kl dy 
P = - ''dJ Y [(1 +y) (1 +c3y) (1 +n) - 3/s klj . 

Tbe coneetion consists in our case in tbe sum of thl'ee eorl'eetions 
fol' the different parts of the capillary, eaeh with a differellt R. 
Fot' each of tbe th ree parts the integraJ _migbt be easily found by 
meehanieal qnadrature, taking into account the changing value of 
Jell as soon as the limits of the integration are known. We may 
also fol' the sake of simplicity divide each part 'into smaller parts 
sllch, that in the integl'ation a mean value maJ' be assumed fol' kl' 
The limits are each time determined by the value of llle viscosity 

. 1 f dp 
1) lt follows from this expression, that th ere is a maxmlUm va ue 0 dT 

(S. WEBER Comm. NO. 137c Sept. 1913). In al'ranging the measurements in 
question care must be taken that al the place whet'e this maximum occurs the 
distl'ibution of temperature is known as accurately as possible. 

The determiuation of this maximum may possibly he of importance in the 

. k 2R i!lvestigation of the relatlOn between 1 and T' 
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of helium corresponding to the temperature and the density, as also 
by the value of the radius at the ends of the gi\'en portions of 
the tube 1). 

As the density depends on p as well as on Tand as p varies 
along the tube, the limits at the ends of the various parts will 
depend upon the local values of p themselves: of these only that 
at - the top of the caplllary is immediately known, whereas at the 
bottom the density is approximately known, it is true, but neither 
p nor T. It is therefore necessary to pl'oceed by successive approxi
mation and stat'ting at the top to calculate the Jiminution of pressure 
assuming as a firs! appl'oximation iJ = rOJlstant equal to the value 
at the top of that portion of the tube, and then, using the distributiol1 
of pl'essure which is found and the known distribntion of temperature 
to improye the calculation, etc. 

The uncel'tainty regarding the distl'iblllion of temperature along 
the capiIlary is of course a SOllrce of error, but as a rule the errors 
al'ising from this uncel'tainty are not of any importanre, especially 
because usnally, according as this uncertainty is greater for a gi\'en 
pOl'tion of the tu~e, its contribution to the total correction for the 
molecnlar pressure becomes smaller. FinalJy fol' that portion which 
reaches down to the range of temperatures which ha\'e to be deter
mined by the thermometer itself the contribution to the corl'ection 
('au be entil'ely neglected, The most important contribution to the 
cOll'ection is due to the upper part of the capillary. 

5. C01'1'ected ten/'pe1'at1L1'es. Applying the corrections on the basis 
of the pressure-dlstribution along the capillal'Y, as fonnd by the 
above calculation, the following results are obtained.: (see tabel II 
p. 505), 

The val lies between . brackets ( ) refel' to the calclliation with the 
more empirical values of Cl and C~, introduced solely with a view 
to the observations without taking into arcount the theoretical 
limiting values. 

OalC'ulating the cOl'l'ection of the helium-thermometer with mercury
manometer by means of the fOl'mlllae tested in the above ::,e1'ies of 
observations, we find (considering' only the most reliahle observations 
(see table III p. 505). 

1) If afterwards a changil1g value of n were found for helium at the lower 

temperatures, as in otbe!' gases, the same formula wiJl he applicable, for each 

piere into which lhe tube is divided its own value of n being introduced, 
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I TABLE IJ. Temperature-measurements in the helium-region with 
the heated wire helium-thermometer. 

-

Vapour- Series I. Poo c. = 5, 240 cm. Series 11. Poo C. = 1. 2059 cm. 

pressure of 

j I 
the bath T uncorr. T corr. T uncorr. T corr. 

0 0 0 
756.6mm. 4.468 K. 4.260 K. (4.230) 

0 o 0 
757.4 5.472 K. 4.245 K. (4.207) 

564.5 4.155 3.937 (3.912) 

363.3 3.800 3.587 (3.568) 

4.4 1.774 1.495 (1.490) 

4.16 2.558 1.445 (1.461) 

757.4 5.472 4.245 (4.207) 

- --
T ABLE III. 

Vapour-pressures of helium measured by the helium-thermometer with 
mercury-manometer and corrected tor the thermal molecular pressure. 

Vapour- Accurate series 1913. Series 1911. 
prec;sure of 
helium in 

I I mms. T uncorr. T corr. T uncorr. T corr. 

0 0 

760 4.29 K. 4.22 K. (4.21) 
0 0 

757.5 4.215 K. 4.204 K. (4.205) 

565 3.97 3.90 (3.89) 

359.5 3.535 3.519 (3.516) 

197 3.26 3.18 (3.17) 

51 2.34 2.25 (2.24) 

4.15 1.509 1.480 (1.475) 

3 1.47 1.36 (1.35) 

In the same mannel' the vapour-pl'essure above the boiling point 
is found as follows (Comm. N°. 124b, p. 16): (see tabel IV p. 506). 

The eOl'rections to be applied to the temperatUl'e-Vallles as given 
in pl'evibuS eommunications will be seen to be but smal!. Both the 
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TABLE IV. , 
Vapour-pressures measured by the helium-
thermometer with mercury-manometer, 
corrected for therm al molecular_ pressure 

(above the boiling point). 

p 
I 

T uncorr. 
I 

T corr. 

0 0 
767 mmo 4.28 K. 4.22 K. (4.21) 

1329 4.97 4.91 (4.90) 

1520 5.10 5.05 (5.04) 

1569 5.15 5.10 (5.09) 

1668 5.22 5.15 (5.16) 

1718 
1 

5.25 5.20 (5.19) 
crit. 

boiling point anel the Cl'itical point go down a little, but the change 
is within the limits of accuracy as pl'f'viously given. The conclusions 
fOl'morlJ drawn fl'om the temperatllt'e-meaSllrements thllS remain 
valid, especially the l'apid change of the constant fin VAN DER W.HI,S'S 
vapour-pl'eSSl1l'e law which we infel'l'ed at the time. 

With tlle chosen pl'esslll'es in the helinm-thermometer with mereury
manometer the cOfl'ection fol' B beeomes of minor impol'tance. 

At tbe boiliJlg point of helIum lt is too smal! to have any influence. 
, B . 

Accoi'ding' to Comm. N°. 119b § 5 in pv = BT + - we found 
v 

B 40 21 J\: = - 0.000047 and we thus have with pao c = 25.5 cc. at 

4°.21 K. TcollC~~d rOl B = 1 + 0.000128.-

Tt is tl'ue, that at 10w81' temperatures, as discussed in § 1, B 
becomes mueh larger. An extmpolation aèeording to the "mean" 
eqllation of state, in ilself cel'tainly little justified, would ·give. 

BI 501,. = 5~.1 B-t 0 2l K. Even on this sllpposition au error of only 
2% Ol' 0,03 degrees wOllld have to be expected from.B being 
neglected. This deviation is smaller than the llncertainty of 'the cor
rection for the thermal molecnJar pressul'e. 

When the melring-point pl'essure in the thermometer wilh heated
wi1'e manometer is as low as it was taken in the above 2nd series, 
(he uncertainty l'egu1'ding the last-named correction becomes predo
minant. Ft'om this it appears, that a VeI'y accurate knowledge of 

1) W. H. KEESOM, Suppl. N0. 30, p. 12. 
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the thei.-mal molecl1lal' pl'essure will be needed, if values of Bare 
to be derived from the comparison of thermometers with different 
initial pressure. The same is true with respect to possible (,OlTec
tions fol' deviations, as prcdictëd by the theory of quanta. 

~ 

7. ApPl'o,1Jimate form,ula f01' tlte vapour-pressure of helium. We 
did not succeed in representmg om observations by NERNST'S vapour
pressUl'e formula, treated as interpolation-formula. 

'l'he BOSE-RANKINE form 1) 
1 1 1 

19 p.:m.Hg = A + B '1' + C J.'2 + D 1 3 

gave with 

A=+3.7290, B=-7.9780, C=- 0,13628, D=+4.3634 
the results shown in Table V 

TABLE V. Vapour-pressure of helium. 

I I 
. 

T Pobs. Pcalc I 
0 

1.475 K. 0.415 cm. 0.419 cm. 

3.516 35.95 35 50 

4.205 75.75 76.38 

4.9 132.9 136.5 
-

5.16 166.8 162.1 

Even with this formnla containing four constants the observations 
appeal' to agree only very impfl'fectly. 

Physics. - Methocls and appa1Yttus used in the e1'yo,qenie labomt01'Y, 
X Vl. The neon-cyele. By H. KAMERLINGH ONNES. (Oomm. 
14:7c from the Physical Laboratory at Leiden). 

lCommunicated in the Meeting of June 26, ]9]5). 

1. In t1'Odttetion. In se v eral accurate investigations on the law 
of dependenee on the temperature of the pl'opel"ties of substances 
the difficulty is encountered, when going below 55° IC, that not 
till 20° K. is reached liquid IJaths of the debil'ed constallcy are again 
avallabie. 'l'he gap between 55° K. anel 20° K. in a range which othel'-

1) C. A. CROMMELIN, Comm. NO. 1380. 
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