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This \ value l) is smaller than that found by direct measurement 
at the smallest velocity of vapol'ization 2): 110.2. It is possible that 
this result indicates th at the precantions taken to prevent condensa
tion of the vaporized hydrogen within the calorimeter have not been 
sufficient. In fact at a velo('ity of vaporization twice as great as 
that at which the value rnentioned above was found smaller values 
were obtained, viz. 108.5 and 109.3 at 76.1 and 77.75 cm. pressure 
respectively. 

Physics. "VapV1t1" pressures at ve1''!! Zow 1'educed tempemtw'es. 

Ir. The vaZJour pressUJ'e of carbon dio.'iide 1;12 the mnge 

}rom - 1400 C. to about j 600 C." By SoP~ws WEBER. Oom-, 

munication No. 137c from the Physical Laboratory at Leiden. 

(Oommunicated by Prof. KAMERJ,INGH ONNES). 

(Communicaled in the meeting of September 27, 1913). 

, 
§ 1. In these rneasnrements the heated-wire manometer rlescl'ibed 

before was useä 3); it was calibrated by the aid of a set of pipettes 
as shown in fig. 1. The manometer is sealed to the vessel P~ at J • 
and is placed, together with Pl and P2 in a watel'bath, in which 
a tempel'ature of about 200 O. is maintained by means of::t thermostat. 
This ternperature is re ad on a mercmy thermometer. 'rhe electric. 
connections al'e the same as in fig. 4 of the fil'st paper. In order 
to keep back mercury vapour or othel' vapoUl's which might originate 
in P, the tube J the volume of which is on1y 1 % of the whole 
voillme was placed in alcohol cooled to ~tbo\lt -1000 C. by the aid 
of liquid air. In a high vaCllum the VapOlll'S given oft' by tlle grease 
of the stopcocks wil! be condensed lil 1. I have trled to pl'event 
this flow of vapoUl' 10' I while retaining the taps by interposing at 

1) It may be noticed that th is value neatly coincides with that calculated from the 
vapour pressure mea:.uremenls of DEWAR kJ p. 441 nole 1). The diITel'ence which 
shows the value derived from the vap'lUr plessUl'e measurements of TRAVERS und 
JAQUEROD (cf. p. 441 no Ie 1) is due to Ihe divergin{?, COUlse of theit' V,lpOUl' 
pl'esnure CUI ve, cf. p. 444 Ilote 1. [Added in the teanslation J 

2) Cf. p. 441 note 1. 

3) H. KAMERLINGH ONNES anel SOPHUS WEBER, Comm. N0. 137b (June 1913), 

.,' 
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G and 1I glass valves as introduced by KARO\'OlJINE in TÖPLJm-

HAGEN'S mel'cl1l'y pump. I 

Fig'. 2 shows one of these valves, a is a ground 
sllrface. Inside thc glass tube a small piece of iron 
is fastened: without a current thl'ough the electro
magnet iJ!/. the comrnunication is open to the gas; 
when the CUl'l'cnt ió closed the vapours can only 
diffnse tlll'ough the nan'ow interstices left open at 
a. The meaSlll'ements seem to confirm that by the 
use of these valves a bettel' vacuum ma,}' be obtained. 

The calibration was performed in the following 
manner. By means of the high-pl'essure taps D and 
C some carbon dioxide was taken from the cylinder 
A containing carbon dioxide which had been tho
I'onghly dl'Ïeel and distilleel several times. This gas 

~'ig. 2. was solidified in E by means of liqllid aiL' and sub-
sequently strongly exhausteel with a GAlmE-pump, Ir was th eu distilled 
into pipette PI and the pl'essllre read with the manometer F. The 
pipettes PIl ]]2 and p~, which communirated with tbe heated-wire 
manometer were evacuared and the vacuum was measllred with the 
aid of tbis manometer, whieb had been pl'eviously eompared with 
an absolute manometer. The gas in PI was tben distribnted over}Ju 
PI' and P2' If stop-coelr 3 is now closed and 4 opened, the gas in 
P2 is disteibuted over 112 anel P l , by whieh tbe pressllre in [>2 in
el'eases by a known amount. By connecting P2 with PI ancj. ..... with P2 
successively the pressul'e in P2 again increases by an amount whieh 
is known, at least if the dimensions of the appal'atus are known. 
They were: 

PI = 13.997 cm3 

PI = 2108.15 " 
.p, = 13.464" 

P2 = 2555.7 

Each time when the pressure had been raised by a known amount 
the 10ss of heat of the WOLLASToN-wire uncler detlnite eonclitions 
was measured. The following table may serve as an instance of the 
ralibration: q is proportional to the loss of heat pel' secOllcl and p 
is the pressllre in baryes compuled by means of the system of 
pipettes. The initial pressllre is taken as zero in the table ; Ïl~ l'eality 
it amountecl to 0.029 baryes. 
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TABLEI 

P q 

0.000 0.6731 

5.059 0.8019 

10.099 0.9292 

15.120 1.0551 

20.122 1.1804 

25.106 1.3044 

30.070 1.4279 

35.016 1.5305 
, 

39.943 1.6724 

44.851 1.7932 

49.740 1. 9132 

54611 2.0332 

L59.464 2.~ 

§ 2 Aftel' the ealibration was completed the manometer was put 
into connectIon wIth a vapolU' presslIl'e tube. Tills tube was of the 
form descl'lbed in the pl'evlous communication. The measurements 
were conducted In the followmg manner. The appal'atus was fiISt 
exhansted as far as possible and was allowed to stand fol' some 
days, untJl the waUs dld 'not gn'e off any more air. The vapoul' 
prebSUl'e tnbe wlnch was placed in a CL'} osta! togethel' with a ther~ 

mometer and a stIlTer was Ihen successlvely slll'l'ounded byethylene, 
metháne and oxrgen, nnd the vacuum was measured at tempel'atures 
between --130° O. and -180° C. Oarbon dioxide was then distilled 
into the apparatus and tbe vapoUl' pressUl'e measul'ed at a series ot' 
temperatmes. The dliference between the two readings at each tem
peratl1l'e aftel' cOl'l'ecting fol' the tbel'rnal molecular pl'esslll'e gi yes 
the vapoul' pl'eSSlll'e ot carbon dIOxide. 

In order 10 be able to obtnIn the cOl'rections fol' the thermal 
moleculal' pl'essure ti is necessal'y to wOI·k with diffel'ent tubes 
smtably chosen. In thlS investigatlOn two tubes were used, tube I 
with a diameter of 1.75 cm. and tube Ir of 0,563 cm. 



- 6 -

449 

The l'e&lllts of the meaSUl'ements are contamed in table Ir 

T ABLE II 

Pressure 

Temp. Measured Measured I II Calculated 
according to 

T-273.09 tube I tube II corr. corr. NE~NST 

-134.61 1430.6 1430.6 1430.6 1430.4 , 
I 

1429.9 

136.78 1001.2 1002.8 1001.2 1002.5 1002.0 

138.69 720.0 720.6 719.9 720.2 719.3 

140.63 509.2 510.8 509.1 510.2 508.7 

143.07 324.7 323.9 324.6 323.1 324.2 

145.44 207.0 204.2 206.8 203.1 206.70 

148.21 117. 72 119.7 117 .42 118.0 117 .30 

151.46 48.42 50.30 47.90 47.86 47.84 

155.00 28.33 30.65 21.10 2B.21 21.56 

158.55 12.92 14.09 12.34' 12.12 12.00 

159.72 9.82 10 72 8.66 8.94 9.015 

161 39 6.74 7.50 5.85 6.00 5.942 

163.19 4.43 4.99 3 75 3.77 3.731 

164.03 3.63 4.01 3 03 2.98 2.993 

168.83 1.222 1.288 0.806 0.797 
I 

0.190 

The first column contains the tempel'ature as determined by means 
of a calibrated Pt.-thel'mometer. The serond and third give tIle 
results of the meaSllrements with 1he two tubes expressed in baryes, 
the fOUl'th and fifth the same numbers atler correcting for the 
thermal moleclllal' pl'eSSllre. For the measurements between -150° 
and --162° these eOl'l'ections are somewhat nncertain, as they have 
been determined experimentally for hydl'Ogen and oxygen only. 
Moreovel' the tubes had not been chosen as favourable as pos&ible, 
as will be cleal' ti'om the following. 

29 
Pl'oeeedings Royal Acad Amsterdam. Vol. XVI. 
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'fhe col'l'ections are calculated by means of KNUDSEN'S fOl'mulae 1), 
Iu tbe pl'eViOllS communication lt was ShOWIl that with (he degl'ee 
of aecul'acy of om' meaSUL'ements these fOl'mnlue may be considel'ed 

). 
as correct, if the region whel'e approximately 1 < 2R < 10 is exclu-

ded. If BlmITENBACH'S observations on the viscosity of carbon dioxide 
are extrapolated by means of SUTHERLAND:S formula~) it may be 
concluded tbat the corrections cannot be computed lJ1 the range 
between 25 and 3 baryes for tbe wide tube and bet ween 75 and 8 
baryes for the nal'l'OW tube. Supposine; that 1he mean free path. is 
known wlth sllfficieut accul'acy it wiJl be seen that between 25 and 
8 barye~ there is a range fol' which the correction, cannot be, cal~ 
culated. An additional tube of say 1 mmo diameter ought to. have 
been used. I 

It appears further tbat below 3 baryes there is a range of presi 
sures, where the cOl'rection can be found for both tubes. With the 
formula which holds for this range the mean free p~th may b~ 
determined by elin;linating the unknown vapour pressure. The resul~ 
of this calclllation is fonnd to agree within the, limits of accural'y: 
of the observations with the mean free path as calculaterl witl1 
SUTHERI,AND'S formula. In table II this shows by the close agl'eement , 
between thc vapour pressures under I COl'!'. and n con'. -, i 

The conclusion seems therefore justified that the mean fre,e patli 
of carbon dioxide IS known with sufficient accuraey at these tem~ 
pel'atures, and that the corrections may be deduc~d by means ol' 
KNUDSEN'S fOl'IllUlae with the exception of the range between 25 
and 8 bal'yes. 

Lea'{ing this range out of account in the mean time we will now 
disCllSS the formulae for those ranges where in our opinion they 
are still applicable. 

2R 
ti). ->10. 

). 

In this range we use the following forl1111la theor:etically' deduced 
by K,NuUSEN. 

l~ MARTIN KNUDSEN. Ann. der Phys. 31 (1910), p. 205,633 ;{:l3 (1910), p.143lJ. 

!) The extrapolation by means of SUTHERLAND'S formula is Pl'obably allowable 
in, this case, :is the range of reduced tempet'ature is comparatively smal!. Over 
larger ranges of redllCed temperalure SUTflt:RLAND'S formula, does: not appeal' 
to be applic:tble (H. KAlITERLINGH 03Nes C. DORSMAN antI SOPHUS WE BElt. Comm. 
N'l, 134u, Match lUl,»). 
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dp 

dT 

c 1+-
- 273 "lo 

0,00139---- lel 
1 + ~ VQ Q 

T, 
, , , , (I) 

\ 

The meamng of the symbols is the same as in KNUDSEN'S paper, 
Aecording to the theol'Y the constants k1 and k~ ara independeut 
of the nature of the gas, Experimell'tally this' formula has been 
eonfirmed for hydrogen and oxygen, and k! and k2 appeal' actually 
to be independent of the nature of the gas, The equation whieh 
may be integl'ated in a fair!y simple manner los es its v~lidIty fol' 

2R 
small yalues of T' For carbon dioxide the fOl'mula was used wit11 

the values of k1 and k2 whieh were found from the measurements 
with hydrogen and oxygen. As shown by Table II the numbers 
under I eorr. and II cort'. agree weil with each other whieh may 
be looked upon as a partial confh'mation of the underlying suppo-

sitions, Fig. 3 gives a graphic representation of :;, accm'ding t? the 

different formulae. 'J'h1e abseÎf;sae give the pressures in baryes, the 

ol'dinates :~ fol' the tube with 2 R = 0.563 cm, Curve 1 l'epresents , 

the relation' according to formula I. Fol' t11e corrections the formula 
I 2R 

has not been used, when T < 10; it depends, however, on the 

degree of aecul'acy required, wh ere the limit has to be taken, 

2R 
(2), T ~1. 

In this rase the follówing formula was used for dp, 
dT', 

dp 1 1 P 
- -----

dT 2
1 

2R T 

+-r 
whel'e pand À are connected by the relation p, À. = const, ; this 
constant is determined bJ: the ViSCORity c01'l'esponding to the tempe-
ratm'e T, 
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2R . 
Fot' sufficiently smaIl value~ of T the formula reduces to 

dp 1 P P V l ' 
dl' = '2 . T Ol' aftel' integration 2. = l' 

1 

P2 2 

Tlle limit for the u.pplication of formula IJ has been taken at 

2R = 1, which gives about the same accuracy 'as in the former case. 
). 

- dp 
·The relatiol1 between pand dT accol'ding to formuJa IJ is also 

gi \'en in fig. :3. 
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2R 
(3). j < ;:<10. 

In this region the formulae ~can probably only be lIsed as rough 
approximatiolls. Curve IJl in fig. 3 has been obtained by reducing 
the observations for hydl'ogen and oxygen to carbon dioxide by 
means of the law of corresponding states. The valnes given by 111 
have been used in this range for calculating the conections. The 
results under I corr. and II COlT. agree fail'ly weil with each other. 
The observations are, however, not sufficient to draw conclusions 
with _ regard to the value of thermal mol€'cular pressure in this 
intermediate region. 

This region has, the1'efore, not been sllfficiently studied as yet 
and new measurements in this range would be of the g1'eatest 
interest. 

In table II column 5 under "caic. according to NERNST" the pres
'sures are given calculated by the aid of NERNST'S formulit. In the 
former paper use WitS made of the formula with the values of the 
cOllstants fOllnd by F AI,OK 1), viz. ' 

6000 1 0.00913 
logp = - 4.571' T + 1. 75log T -. 4.571 T + 3.1700 (I) 

In order to obtitin a satisfitctory itgl'eement at higher pressures 
the constants had to be slightly modified as follows 

6007.9 1 0.009008 
logp=- 4.571 '1' i-1.751ogT 4.57l T+ 3.1700 (Il). 

P -is here expressed in atmospheres. 
The coellicient of log Tand the chemiCitl constant are unchanged, 

and the othel' two constants have been only slightly altered. This 
altel'ation can have no influE'~1Ce on FALOK'S theoreticitl dedllctions. 
The very low vapour pressl1l'es which we measul'ed before with 
the absolute manometer are also unchanged, as the term propol'tio
nal to T has but little influenre in that region. In that case 
NERNST'S Jormula reduces to the yitpour pressure formu]it according to 
KIROHHOFF-RANKINE-DUPRB 2). 

It ran hal'dly be expeeted th~t fOl'mula 11 should give good 
agl'eement at temperatm'es lUuch higher than those given in table 
Il. At higher temperatures F AWK finds greater deviations w hieh, 
however, he considel's to be due to errors of observation. I hitve 

1) F. I!'ALCK: Phys. Z. S. 1908, p. 433. 
2) H. KAMERLINGH ONNES und W. H. KEESOM: Die Zustandsgleichung Leiden 

Comm. Suppl. N°. 23,& pag. 300. 
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made only one meaSlll'ement at tempel'atllL'es highel' than those given 
in table 2. ' 

Tempel'atures 
T-273.09 

-129.29 
-129.28 

p 
cm. Hg 

0.3943 
0.39J8 

Cale. by 
form IJ. 
0.2536 
0.2539 

Although this measnrement is the only one it may be considel'ed 
suffkient togetber wlth the observatlOns, hy ZEr.ENY and SlV!ITH 1) to 
wfer a eonsiderable deviation from the formula at tbis tempemtul'e. 

In conclusion I am glad to record my gl'atitude to Prof. R. !\AMEH
J,lNGH ONNES for his kind assistance and his ever ready in,terest in 
my wode 

Physics. - "On the magnetization of fe1'r01wrgnetic substances • 
consiclered in connection ~{'ith the asaulnption of a zero-point 
ene1Y;Y". By Dr. W. H. KEESOM. Supplement N°. 32a to the 
Commllnications from the Physical Laboratol'Y at Leiden. 
(C?mmunicated by Prof. H. KAMERUNGH ONNES). 

(Communicated in the meeting of September 27, 1913). 

I. On the spontaneou.<; magnetization. 

§ 1. lntrocluction. NERNST 2) was the fi~st who suggested th at 
the quantum-theory has to be applied also to the rotations of gas 
molecules. Since that time the measurements by EUCKEN 3) and those 
by SCHEEL and HEUSE 4) have conürmed the anticipation expressed 
by KA'MERLINGH ONNES 6), that tue derrease wbich according to that 
application IS to be expected in the specific heat at constant volume 
of hydrogen in the gas state, would already o~cur át reahsable 
tempel'atures. By this result they have demonstrated very clearly 
tbe necesstty of that applicatIOn. At tbe same time they have given 

1) ZELENY U. SMITH. Phys. Z. S. pag. 667, 1906. \ 
2} W. NERNs'r. ZS. f. Elektrochem. 17 (1911), p. 270 W. NERNST and ~'. A. 

LJNDEMANN, ibid. p. 825. Cf. also A. EINSTEIN, Rapports conseil SOLVAY 1911, p. 432. 
3) A. EUCKEN. Berlin Sitz.-Ber. 1912, p. 141. ' 
4) KSOHEEL and W. HEUSE. Berlin Sitz.-Ber. 1913, p. 44. Ann. d. Phys. (4) 

40 (1913), p. 473. 
6) Rapports conseil SOLVAY 1911, p. 301. ZS. f. ElektroGhem. 17 (1~1l), p. 

826. Cf also H. KAMERLINGH ONNES and W. H. KJiiESOM. Math. Enz. V 10, 
Leiden Comm. Suppl. NO. 23, § 57 (. 


